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FOREWORD 


(U)  The  work  performed  under  this  project  was  in  response  to  requirements 
of  AFFTC  Project  3058,  Program  Element  No.  62405184,  BPSN  623148. 
The  Air  Force  program  monitor  is  Lt.  William  Spangler,  Air  Force  Rocket 
Propulsion  Laboratory,  Research  and  Technology  Division,  Edwards, 
California. 

(U)  This  report  is  a  technical  summary  of  work  conducted  under  exten¬ 
sion  of  Contract  No.  AF  04(61 1)- 10789  under  which  United  Technology 
Center  conducted  an  experimental  investigation  of  prepackaged  hybrid 
propellant  systems. 

(U)  This  report  covers  experimental  work  conductedat  United  Technology 
Center's  Sunnyvale,  California,  research  laboratorie s  and  United  Technology 
Center's  Coyote,  California,  processing  laboratories  during  the  period 
September  1966  through  March  1967.  The  following  professional  workers 
made  significant  contributions  to  progress  on  this  program: 

R.  Brogan 
J.  W.  Hamers 
G.  A.  Kinkel 
R.  A,  Maraschin 
D.  R.  Matthews 
J.  H.  Murray 

(U)  This  report  contains  classified  information  extracted  from  "Experi¬ 
mental  Investigation  of  Prepackaged  Hybrid  Propulsion  Systems  (U)," 
UTC  2141-ITR1,  February  1967.  (CONFIDENTIAL,  Group  4.  ) 

(U)  This  technical  report  has  been  reviewed  and  is  approved. 

Lt,  William  Spangler 
Approving  Authority 
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UNCLASSIFIED  ABSTRACT 

(U)  An  applied  research  and  development  program  has  been  conducted  on 
prepackaged  hybrid  propellant  systems  suitable  for  application  to  advanced 
tactical  missile  requirements. 

(U)  An  18-in.  -diameter  flight  configuration  hybrid  motor  has  been  designed, 
fabricated,  and  tested.  A  high  density,  high  specific  impulse,  hybrid  pro¬ 
pellant  combination  has  been  formulated;  and  a  fuel  grain  geometry  has  been 
developed  which  will  provide  nearly  constant  fuel  flow  rate  and  permit  nearly 
complete  fuel  utilization.  Dual-thrust  oxidizer  injectors  have  been  devel¬ 
oped  and  successfully  tested.  A  simple  thrust  control  system  has  been 
designed,  which  will  control  the  motor  thrust  at  two  levels  and  will  permit 
multiple  starts  at  either  thrust  level. 

(U)  The  results  of  the  program  indicate  that  high  density  impulse  hybrid 
propulsion  systems  are  feasible  for  application  to  advanced  tactical  missiles. 
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Abbreviations 
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SECTION  I 
INTRODUCTION 


(U)  Under  Contract  No,  AF  04(6 1 1)- 10789 ,  UTC  has  been  conducting  an 
applied  research  and  development  program  on  prepackaged  hybrid  propel¬ 
lant  systems  suitable  for  application  to  advanced  tactical  missile  require¬ 
ments.  The  scope  of  the  program  was  to  develop  a  hybrid  TCA  capable  of 
delivering  approximately  200,000  lb-sec  of  impulse;  the  impulse  to  be  deliver¬ 
able  from  storable  prepackaged  propellants  at  either  of  two  thrust  levels  — 
5,000-lb  (boost  thrust)  and  2,500-lb  (sustain  thrust),  with  up  to  two  motor 
restarts  after  short  coasting  periods.  The  program  consisted  of  evaluations 
of  candidate  fuel  systems  and  ingredients  (for  which  studies  were  initiated 
under  Contract  No.  AF  04(6  1 1)-85 16),  development  of  flight  configuration 
thrust  chamber  components  including  injectors  and  an  oxidizer  flow  control 
system,  and  demonstration  testing  of  complete  hybrid  TCAs. 

(U)  The  program  was  divided  into  four  phases:  phase  I  —  fuel  development, 
phase  II  —  subscale  motor  studies,  phase  III  —  full-scale  motor  development, 
and  phase  IV  —  full-scale  motor  demonstration.  Phases  I  and  II  were  com¬ 
pleted  during  an  initial  9-month  effort  (April  1965  through  January  1966); 
however,  technical  difficulties  in  fuel  formulation  and  subscale  testing 
caused  the  effort  to  be  suspended  temporarily  with  phase  111  approximately 
30%  complete  and  phase  IV  not  initiated.  The  results  of  this  effort  are 
presented  in  reference  1,  which  constitutes  a  part  of  this  final  report. 
This  report  is  a  summary  of  the  work  accomplished  during  the  period 
from  September  1966  through  March  1967  as  a  continuation  of  Contract 
No.  AF  04(cll)-10789  in'the  completion  of  phases  III  and  IV. 

(U)  Six  full-scale  heavyweight  TCAs  were  tested,  four  of  which  were 
used  to  complete  phase  III  and  two  in  the  accomplishment  of  phase  IV.  The 
first  two  motors  were  subjected  to  a  series  of  multiple  firings  at  the  two 
thrust  levels  of  concern  to  further  characterize  the  fuel  system  and  the 
grain  geometry,  and  for  component  evaluation.  The  second  two  assemblies 
incorporated  component  and  flow  refinements  and  were  used  in  firings  simu¬ 
lating  the  final  two  demonstration  tests.  The  final  two  assemblies  accom¬ 
plished,  with  representative  duty-cycle  firings,  phase  IV  —  full-scale  motor 
demonstration. 
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(U)  The  program  has  resulted  in  the  development  of  all  flight  configura¬ 
tion  TCA  components,  including  oxidizer  injectors,  oxidizer  flow  control 
valves,  fuel  grain  geometry,  nozzle,  and  thrust  chamber.  Numerous  sub¬ 
scale  and  full-scale  motoT  tests  ha  e  been  conducted  with  the  components 
and  thrust  chambers.  These  tests  i  we  shown  that  a  high  density  hybrid 
propulsion  system  is  feasible  for  application  to  advanced  tactical  missiles 


UNCLASSIFIED 


iWK’V'h'tfb  w  f.  **s*.. 


CONFIDENTIAL 


SECTION  II 
SUMMARY 


(U)  The  suitability  of  prepackaged  hybrid  propulsion  systems  for  advanced 
tactical  missile  applications  has  been  successfully  demonstrated  through 
extensive  laboratory,  subscale  motor,  and  full-scale  motor  testing.  As  a 
part  of  the  studies,  an  appropriate  hybrid  propellant  combination  was 
selected,  developed,  and  characterized;  an  oxidizer  flow  control  and  injec¬ 
tion  system  was  designed  and  developed;  and  a  unique  fuel  grain  geometry 
was  designed  and  characterized.  Other  important  areas  evaluated  included 
various  nozzle  configurations,  insulation  materials ,  a  heavyweight  TCA, 
and  a  flightweight  fiberglas s -cased  TCA.  Combined  testing  consisted  of 
16  full-scale  tests,  61  5-in.  subscale  motor  tests,  48  3.5-in.  subscale 
motor  tests,  79  laboratory  research  motor  tests,  and  34  optical  bomb  tests. 

(C)  In  the  initial  9-month  effort,^) "three  full-scale  tests  with  the  flight- 
weight  TCA  were  conducted  as  well  as  6l  5-in,  motor  tests,  48  3.5-in.  tests, 
79  laboratory  tests,  and  the  optical  bomb  studies.  System  studies,  followed 
by  laboratory  and  subscale  motor  tests,  led  to  the  selection  of  a  castable 
fuel  system  capable  of  multiple  restarts  and  consisting  of  30%  TFTA,  5% 
boron,  30%  AP,  and  35%  binder  to  be  used  in  combination  with  CIF^  as  the 
oxidizer.  Flightweight  hybrid  TCAs,  designed  for  1,000  psia  chamber 
pressure  during  boost  thrust  (5, 000  lb)  operation  and  500  psia  during  sus¬ 
tain  thrust  operation,  were  fabricated  and  test  fired  for  durations  up  to 
15  sec.  A  thrust  control  system  consisting  of  a  dual  element  solenoid  valve, 
six  dual-flow  forward  oxidizer  injectors,  and  a  single  aft  oxidizer  injector 
was  developed  to  control  operation  of  the  TCA  at  either  thrust  level  while 
maintaining  essentially  constant  mixture  ratio.  The  flight  configuration 
valve  was  fabricated  and  bench  flow  tested  in  preparation  for  full-scale  motor 
tests;  theinjectors  were  used  in  botn  subscale  and  full-scale  motor  firings. 

(C)  A  unique  multiple-port  fuel  grain  geometry  which  provides  92%  cross 
sectional  loading  and  only  7%  residual  fuel  sliver  was  devised  and  evaluated 
in  both  subscale  and  full-scale  minor  studies.  The  geometry,  when  matched 
to  the  proper  fuel,  was  designed  to  deliver  essentially  constant  fuel  flow 
rates  and  thereby  a  constant  mixture  ratio  while  permitting  dual-thrust 
operation. 


*  Superscript  numbers  denote  references  appearing  on  page  85. 
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(C)  During  the  recent  6-month  phase,  a  heavyweight  steel-walled  TCA, 
designed  to  incorporate  the  existing  internal  flight  configuration  motor 
design,  was  used  to  conduct  13  firings  (12  fixed- thnst  and  one  cycled) 
achieving  a  specific  impulse  efficiency  near  96%  and  demonstrating  96%  fuel 
utilization.  Six  heavyweight  TCA?  were  fabricated  during  the  program; 
four  were  employed  to  characterize  the  fuel  regression  behavior  and  to 
verify  component  design  concepts,  and  two  to  demonstrate  TCA  operation 
over  representative  duty  cycles.  These  studies  resulted  in:  (1)  the  estab¬ 
lishment  of  a  fuel  regression-oxidizer  mass  flux-pressure  relationship; 

(2)  evaluation,  refinement,  and  demonstration  of  flight  configuration  com¬ 
ponents;  (3)  characterization  and  development  of  the  multiple -port,  high 
volumetric  loaded  grain  geometry;  (4)  characterization  and  demonstration 
of  a  high  density-impulse  hybrid  propellant  combination  having  very  favor¬ 
able  radar  attenuation  properties;  and  (5)  successful  demonstration  of  over¬ 
all  TCA  performance  when  subjected  to  duty  cycle  firings  consisting  of 
duai-thrust  and  on-off  operation 

(C)  The  high  density-impulse  hybrid  propellant  system  ha  ■»  consistently 
exhibited  excellent  thrus.t  termination  and  restart  capability  with  no 
evidence  of  fuel  degradation.  Radar  measurements  made  dur'.ng  motor 
firings  have  shown  this  propellant  combination  to  have  Rw  radar 
attenuation. 

(U)  Components  (oxidizer  injectors,  insulation,  and  nozzle)  utilizing 
practical  design  concepts  and  material  applications  have  been  developed 
which  will  withstand  the  chemical  and  thermal  environment  and  are  capable 
of  repeated  thermal  cycling  (multiple  engine  starts). 

(U)  A  high  volumetric-loaded  fuel  grain  geometry  was  devised  and  refined 
to  provide  a  uniform  and  predictable  burning  profile  which  results  in  almost 
complete  fuel  utilization,; 

i 

(U)  The  accomplishments  of  this  program  indicate  that  all  facets  of  hill- 
scale  motor  development  have  been  explored  with  results  showing  the 
feasibility  of  hybrid  propulsion  systems  for  prepackaged  applications. 
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SECTION  III 
DESIGN 


(U)  Experimental  efforts  and  associated  support  studies  to  investigate 
prepackaged  hybrid  propellant  systems  for  advanced  tactical  missile  appli¬ 
cations  conducted  under  the  initial  9-month  program  were  continued  under 
the  recently  completed  6-month  program.  These  investigations  have  been 
concerned  primarily  with  the  development  of  the  propellant  system,  the 
fuel  grain  geometry,  the  oxidizer  flow  control  system,  the  oxidizer  injec¬ 
tion  system,  and  the  TCA  portions  of  the  propulsion  system. 

1.  DESIGN  CRITERIA 

(C)  The  main  objective  was  to  develop  a  system  capable  of  dual-thrust 
and  multiple  start  operation.  The  engine  performance  and  design  require¬ 
ments  are  summarized  in  table  I.  In  addition  to  these  requirements, 
the  system  must  meet  the  following  criteria: 

A.  The  propellant  combination  must  be  earth  storable,  have 
a  relatively  high  impulse  density,  and  favorable  exhaust 
radar  properties. 

3.  The  system  must  be  capable  of  delivering  the  impulse  in 
a  dual-thrust  mode  with  two  motor  restarts  after  short 
coasting  periods. 

C.  The  boost  thrust  level  is  5,000  lb  with  flexibility  to  deliver 
60%  to  100%  of  the  system  total  impulse  during  boost. 

D.  The  sustain  thrust  level  is  l,  500  lb  with  flexibility  to 
deliver  0%  to. 50%  of  the-  system  total  impulse  during 
sustain. 

E.  The  system  must  demonstrate  acceptable  fuel  utilization 
and  total  impulse  efficiency. 

2.  PROPELLANT  SYSTEM 

(C)  Propellant  studies  conducted  in  phases  I  and  II  resulted  in  the  success¬ 
ful  development  of  four  high-density,  high-specific  impulse  fuels  which  are 
suitable  for  prepackaged  hybrid  propulsion  systems.  However,  one,  and 
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TABLE  I 

(U)  DESIGN  REQUIREMENTS 

5, 000/2, 500 
1, 000/500 
200, 000 
3 


Thrust,  delivered  {nominal  high/nominal  low),  lb 
Chamber  pressure  (nomiftal  high /nominal  low),  psia 
Total  impulse ,  lb-sec 
Number  of  engine  starts 


possibly  two  (see  section  III,  part  2b-Fuel  Development),  are  not  suited  for 
advanced  tactical  mission  applications  requiring  on-off  operation  because  of 
their  tendency  to  sustain  cornbu  stion  on  termination  of  oxidizer  flow.*  All 
the  fuels  contain  TFTA,  boron,  AP,  and  all  are  castable.  A  comprehensive 
discussion  of  the  fuel  development  effort  is  available  in  reference  1. 

(C)  The  hypergolic  propellant  combination  that  was  selected  for  develop¬ 
ment  of  the  full-scale  motor  consists  of  a  solid  fuel  (designated  HFX  7808) 
containing  30%  TFTA,  5%  boron,  30%  AP,  and  35%  hydroxyl-terminated 
binder  with  CIF5  as  the  oxidizer.  This  combination  has  a  theoretical  opti¬ 
mum  specific  impulse  of  284  sec  (1,000/14.7  psia,  O/F  =  2.  0)  and  a  density 
impulse  of  453  gm-sec/cc.  With  further  development  the  four  component 
blend  has  a  potential  specific  impulse  of  294  sec  and  a  density  impulse 
of  503  gm-sec/cc. 

a.  Propellant  Criteria 

(U)  Hybrid  propellants,  in  order  to  be  suitable  for  application 
to  tactical  missile  systems,  must  deliver  a  relatively  high 
specific  impulse,  and  possess  an  adequate  high  temperature 


*  A  nonsustaining  fuel  is  one  which  permits  abrupt  termination  of  thrust 
and  does  not  continue  to  consume  or  degrade  itself  after  oxidizer  flow 
is  terminated.  Even  pure  binder  can  appear  to  sustain  combustion  if 
large  quantities  of  graphite  and  nonablative  insulation  materials  are 
used  in  the  construction  of  the  motor.  These  materials,  which  absorb 
heat  during  the  firing,  can  radiate  or  conduct  energy  to  the  adjacent 
fuel  or  insulation  materials  after  the  firing.  Volatilization  of  fuel  and 
insulation  occurs  until  the  motor  components  are  sufficiently  cool. 
Meanwhile,  reaction  of  the  volatiles  with  air  outside  the  motor  gives 
a  false  impression  of  continued  internal  combustion,  the  duration  of 
which  is  dependent  on  the  size  and  type  of  heat  absorbing  materials 
used.  i 
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bulk  density  to  meet  weight  and  volume  limitations.  The  fuel 
must  not  sustain  combustion  on  termination  of  oxidizer  flow 
if  on-off  operation  is  to  be  achieved.  In  addition,  the  propel¬ 
lants  should  provide  smooth  and  reproducible  hypergolic  igni¬ 
tion  and  efficient  combustion,  and  should  have  exhaust  products 
which  produce  favorable  radar  characteristics. 

(C)  Fuels  consisting  of  boron  or  aluminum,  AP,  a  nitrogen 
containing  additive,  and  a  binder  were  selected  for  use  with 
CIF5,  BrFg,  and  CiC^F  oxidizers  in  achieving  a  propellant 
system  meeting  the  above  requirements.  These  fuels  were 
selected  for  development  and  demonstration  in  full-scale 
motors  because  calculations  had  shown  that  they  could  pro¬ 
vide  specific  impulse  values  near  295  sec  with  density  impulse 
values  near  503  gm-sec/cc.  Other  fuels  were  available  which 
exceed  the  selected  combinations  in  performance  but  were  not 
considered  because  of  other  disadvantages.  For  example, 
higher  specific  impulse  is  available  with  lithium -containing 
hybrid  fuels,  but  the  lithium  has  relatively  low  density  and 
unfavorable  exhaust  radar  properties  .  Extremely  high  density 
impulse  values  can  be  obtained  using  high  boron  loading  and 
BrF^  oxidizer,  but  at  the  expense  of  correspondingly  low 
specific  impulse  values. 

(U)  System  design  studies  were  conducted  with  consideration 
to  the  selection  of  those  propellant  characteristics  which  yield 
maximum  vehicle  per  formance  consistent  with  weight  and  volume 
restrictions  of  a  typical  missile  system.  The  propellant  for¬ 
mulations  found  to  offer  greatest  potential  were  those  which 
have  the  highest  specific  impulse  while  exhibiting  a  bulk  pro¬ 
pellant  density  sufficient  to  meet  the  weight  and  volume  limita¬ 
tions  imposed  by  the  mission. 

(C)  The  conclusions  derived  from  this  study  indicated  that 
the  oxidizers  selected  should  be  limited  to  those  which  pri¬ 
marily  produce  high  specific  impulse  but  with  the  highest 
possible  density  impulse.  Therefore,  the  criteria  favored 
the  use  of  CIF5  with  its  generally'  higher  specific  impulse 
rather  than  BrFs  with  its  high  density  impulse  and  generally 
lower  specific  impulse.  The  study  also  indicated  thatCIFg/ 
CIC^F  mixtures  offer  increased  vehicle  performance  over 
CIF5  when  the  oxidizer  temperature  dqes  not  exceed  175°  F. 
However,  for  systems  which  operate  above  that  temperature, 
the  reduced  bulk  density  of  CIO3F  containing  oxidizers  severely 
diminish  vehicle  performance.  Up  to  10%  CIO3F  may  be  used 

CONFIDENTIAL 


UTC  2141  -  FR 


CONFIDENTIAL 


in  systems  which  operate  at  175°F,  but  if  oxidizer  temperatures 
up  to  195°  F  are  anticipated,  only  ClFg  should  be  considered.  The 
bulk  density  of  propellant  systems  using  CIO3F  can  be  improved 
upon  by  the  addition  of  BrFj  to  the  blend,  but  then  the  reduction 
in  specific  impulse  results  in  vehicle  performance  which  is  no 
better  than  that  obtained  using  pure  CIF5  as  oxidizer. 

(U)  In  addition  to  performance  and  propellant  bulk  density, 
the  selection  of  a  fuel  formulation  containing  four  components 
was  further  guided  by  the  processability  of  the  propellant  blends 
and  the  relative  cost  of  ingredients. 

b.  Fuel  Development 

(C)  The  four  hybrid  fuel  systems  listed  in  table  II  were 
developed  for  application  to  advanced  tactical  missile  propul¬ 
sion  systems.  Each  of  the  fuels  is  suitable  for  use  with  CIF5 
oxidizer  and  will  deliver  an  increase  in  performance  if  CIO3F 
is  added  to  the  oxidizer  in  small  percentages. 

TABLE  II 

(U)  PREPACKAGED  HYBRID  PROPELLANTS  DEVELOPED 
AND  TESTED  UNDER  THIS  CONTRACT 

_ Fuel  System’1* _ 


1 

2 

3 

4 

TFTA,  % 

30 

22.  5 

20 

15 

Boron,  % 

5 

15 

9 

15 

AP,  % 

30 

35 

52 

40 

R-binder,  % 

35 

27.  5 

19 

30 

CIF^  oxidizer* 

I„,  sec 
sp 

284 

288 

294 

292 

plsp-  gm-sec/cc 

453 

475 

503 

491 

CIF5/CIO3F  oxidizer  blends 

Isp,  sec 

289 

292 

— 

— 

pi  ,  gm-sec/cc 

Sp  1 

448 

479 

— 

— 

Oxidizer 

80%  C1F5/ 
20%  C103F 

90%  CIF5/ 
10%  CIO3F 

— 

— 

*  Performance  figures  are  for  1,000/14.7  optimum  expansion  at  optimum 
mixture  ratio. 

t  Performance  figures  are  approximately  6%  lower  with  CIF3. 
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{C  )  Fuel  No.  1,  which  was  selected  for  full-scale  motor  develop- 
opment,  is  castable  with  "as  received"  ingredients.  Fuel  No.  2 
requires  the  boron  ingredient  to  be  combined  in  a  1:1  ratio  with 
TFTA  in  particles  called  prills,  measuring  1/16  in.  to  3/16  in. 
Both  fuels  were  demonstrated  to  be  nonsustaining  in  subscale 
motor  tests.  Fuel  No.  3  used  the  AP  in  pellet  form  and  was 
demonstrated  to  be  nonsustaining  in  certain  subscale  tests. D) 
However,  additional  fuel  studies  are  required  to  be  assured  of 
nonsustain>ng  combustion  characteristics.  Fuel  No.  4  is  cast- 
able  with  "as  received"  ingredients  but  is  kr.own  to  be  a  sustain¬ 
ing  fuel  system  and  is  therefore  not  suited  foi  on-off  operation. 
However,  its  performance  and  high  regression  rate  make  it 
extremely  attractive  for  an  application  where  variable  thrust 
operation  is  required  and  restart  capability  is  not. 

{(J)  These  fuels  were  developed  in  studies  whicn  included 
investigation  of  propellant  system  performance,  processing 
techniques,  and  combustion  characteristics.  Each  fuel  repre¬ 
sents  the  maximum  performance  obtainable  with  the  four  com¬ 
ponents  when  present  state-of-the-art  processing  techniques 
and  the  resultant  fuel  combustion  characteristics  are  considered 
(i.e.,  some  of  the  formulations  require  certain  prilled  or  pel¬ 
letized  constituents  ,  compacting,  etc.). 

c.  Propellant  Ingredients 

(U)  Some  of  th®  considerations  involved  in  selection  of  the 
fuel  ingredients  are  discussed  in  this  section. 

{1)  Binder 

(U)  The  primary  ingredient  of  any  fuel  system  is  its 
binder,  which  provides  a  matrix  to  hold  the  fuel.  The 
binder  is  generally  high  in  carbon  content  but  may  vary  in 
content  of  hydrogen,  nitrogen,  and  oxygen.  Of  interest  in 
the  selection  of  the  binder  is  the  quantity  of  oxygen  from 
the  oxidizer  and  other  fuel  sources  needed  to  consume 
carbon  and  produce  high  performance  levels.  Because  of 
its  low  conductivity,  the  binder  content  also  permits 
limited  control  of  the  fuel  regression  rate. 

(U)  The  binder  used  during  the  initial  investigation  of  high 
dens ity  impulse  propellants  was  a  hydrocarbon  binder 
designated  as  R-binder.  This  binder  had  already  been 
extensively  tes  ted  on  Contract  No.  AF  04{6il)-85l6  and 
UTC -sponsored  programs,  and  had  been  demonstrated  to 
be  nonsustaining  in  nearly  all  formulations. 
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(C)  In  general,  interhalogcn  oxidizers  are  poor 
oxidizers  for  carbon-containing  fuels  and,  for  good 
performance,  it  is  desirable  to  minimize  the  carbon 
content  and  increase  the  oxygen  content  of  the  binder. 
In  order  to  include  an  oxidizing  clement  for  carbon 
(thereby  improving  performance) ,  various  oxygen- 
containing  binders  were  investigated.  This  investiga¬ 
tion  resulted  in  the  selection  of  the  QX  3812/DER  332 
(Dow  Chemical  Co.,  dow  epoxy  resins)  binder.  This 
binder,  designated  QX/DER  was  studied  extensively 
during  phase  I.  It  contains  6 1 .5%  carbon  and  20%  oxy¬ 
gen  as  compared  to  80%  carbon  and  10%  oxygen  in 
the  R-binder.  In  a  typical  fuel  system  oxidized  by 
CIF^  and  CIO3,  the  CIO3F  content  can  be  reduced 
5%  by  using  the  QX/DER  binder,  and  similar  reduc¬ 
tions  are  possible  in  AP  loading. 

(C)  During  the  subscale  motor  test  program,  which 
was  conducted  to  develop  the  listed,  propellant  combi¬ 
nations,  it  was  found  that  nearly  all  the  formulations 
using  QX/DER  binder  tended  to  sustain  combustion 
after  termination  of  oxidizer  flow.  It  was  also  found 
that  a  crusty  char  developed  in  the  fuels  containing 
boron  which  did  not  occur  when  aluminum  was  sub¬ 
stituted  for  boron.  Since  laboratory  DTA  studies 
had  shown  that  exothermic  decomposition  of  TFTA 
and  QX/DER  binder  occurred  at  266  °F  (130°C),  it 
was  then  postulated  that  this  decomposition  could  be 
contributing  to  the  sustained  combustion  character¬ 
istics.  A  review  of  5 ,0-in. -diameter  motor  data 
obtained  under  contract  No.  AF  04(6 1 1 ) -85 16  and 
3. 5-in. -diameter  tests  conducted  on  this  contract 
with  R-binder  and  similar  fuel  components  which 
did  not  sustain  combustion,  indicated  that  the 
R-binder  could  suppress  the  tendency  to  sustain. 
Therefore,  it  was  decided  to  discontinue  further 
investigation  of  fuels  containing  the  QX/DER  binder 
and  continue  work  with  P. -hinder  systems. 

(2)  Boron 

(C)  Boron  is  the  primary  additive  of  the  multiple 
component  fuel  because  of  its  high  density  and  rela¬ 
tively  high  heat  of  reaction  with  interiialogen  oxidi¬ 
zers.  Aluminum,  however,  could  be  used  as  an 
alternate  to  boron  but  with  a  decrease  in  performance. 

10 
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(C)  Two  areas  of  investigation  existed  which  were 
important  to  the  successful  formulation  of  boron- 
containing  fuels.  The  first  was  the  loading  level  of 
boron  achievable  in  multiple-component  fuels,  and 
the  second  was  the  combustion  behavior.  Boron  "as 
received"  can  be  loaded  to  approximately  47%  of  a 
total  blend  with  R-binder  and  to  a  lesser  extent 
(about  20%)  when  other  components  are  included. 
Generally,  the  level  of  TFTA  and  boron  combined 
cannot  exceed  the  binder  content.  Boron  loading 
levels  of  20%  to  30%  are  practical,  but  the  boron 
must  be  compacted,  prilled,  or  added  to  AP  pellets 
to  achieve  extremely  high  loadings.  Higher  loading 
levels  using  "as  received"  materials  resulted  in 
fuel  mixes  which  were  too  viscous  to  be  castable. 
Satisfactory  combustion  of  boron  is  related  to  both 
the  fuel  regression  rate  and  the  boron  loading  level, 
i.e.,  the  level  of  boron  in  homogeneous  fuel  blends 
or  the  level  of  boronin  the  matrixof  compacted  or 
large  particle  containing  fuels.  Lower  percentages 
of  boron  (less  than  20%)  usually  burn  satisfactorily 
whereas  loading  levels  greater  than  20%  burn  satis¬ 
factorily  only  if  high  regression  rates  areobtained. 
Without  regression  rate  augmentation,  there  appears 
to  be  a  tendency  for  boron  to  sinter  or  char  rather 
than  burn  where  the  concentration  exceeds  20%, 

Boron  also  tends  to  aggravate  existing  sustaining 
problems  because  of  its  tendency  to  form  a  char 
layer  by  absorbing  heat  and  transferring  it  to  the 
fuel  grain  after  motor  shutdown. 

(3)  Nitrogen  Additives  (TAZ,  THA,  TFTA) 

Three  nitrogen-containing  additives  were  included  in 
the  hybrid  fuel  research  investigations:  (triamino- 
guanadine  azide  (TAZ),  its1  double  salt  triaminoguana- 
dine  azide  (THA),  and  tetraformal  trisazine  (TFTA), 
These  high  nitrogen  additives ,  when  substituted  for 
binder  in  hybrid  fuel  formulations,  serve  several 
purposes.  First,  they  provide  a  means  of  maintain- 
ing  high  pe.lormance  where  boron  content  is  limited 
ly  supplying  significant  quantities  of  working  fluid  and 
by  their  high  energy  release.  Secondly,  their  density 
is  higher  than  that  of  the  binders  considered,  thus 
improving  density  impulse.  The  nitrogen  additives 
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also  allow  higher  AP  loading  levels  for  a  nonsustain¬ 
ing  application  by  absorbing  some  of  the  thermal 
energy  released  by  the  AP  during  combustion.  For 
example,  with  the  HFX  7808  formulation  {including 
30%  AP  and  30%TFTA)used  in  this  test  series,  the 
AP  loading  would  have  to  be  limited  to  approximately 
15%  without  the  TFTA  ingredient.  Finally,  the  nitro¬ 
gen  additives  contain  less  carbon  than  the  binder, 
minimizing  carbon  content  in  the  fuel. 

{C)  TAZ  has  the  chemical  formula  CHqNq  while 
THA  is  TFTA  has  the  chemical  formula 

^4^12^6’  an<^  consists  of  33.35%  carbon,  8.4%  hydro¬ 
gen,  and  58.4%  nitrogen  by  weight.  Extensive  work 
which  has  been  completed  on  TFTA  is  reported  in 

the  literature, (2) 

{C)  Work  with  THA  was  discontinued  because  of 
its  thermal  stability  limitations.  The  use  of  TAZ 
results  in  higher  performance  multicomponent  fuels 
or  results  in  lower  AJP  loading  levels.  However,  the 
performance  advantage  is  reduced  because  of  the 
unavailability  and  relatively  high  cost  of  TAZ  as 
compared  to  TFTA.  Comparisons  of  four-component 
fuels  are  made  with  optimized  formulations  {i.e.,  opti¬ 
mum  O/F  for  maximum  specific  impulse).  Since 
experimental  work  conducted  with  TFTA  has  demon¬ 
strated  it  to  be  as  effective  as  TAZ,  the  full-scale 
motor  fuel  development  included  only  TFTA.  Until 
a  more  significant  advantage  with  TAZ  can  be  seen, 
TFTA  is  an  adequate  substitute. 

{4)  Ammonium  Perchlorate 

{C)  Ammonium  perchlorate  also  has  a  dual  pur¬ 
pose  in  the  multicomponent  formulations.  Its  pri¬ 
mary  purpose  is  to  provide  oxygen  to  burn  the 
carbon  of  the  binder  and  TFTA  in  the  combustion 
process  in  order  to  achieve  high  performance  levels; 
it  also  significantly  augments  the  .regression  rate  of 
hybrid  fuel  formulations  because  of  its  high  rate  of 
thermal  decomposition.  In  addition,  its  relatively 
high  density  makes  it  extremely  desirable  to  be 
included  in  the  formulation. 
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(U)  Ammonium  perchlorate  can  be  loaded  in  binder 
matrices  up  to  about  85%,  depending  on  particle  size. 

In  small  particle  sizes  (40p  to  200p),  AP  has  been 
found  to  produce  sustained  combustion  at  levels 
exceeding  15%  loading.  However,  nonsustaining 
hybrid  fuels  have  been  tested  with  40%  loading  using 
600p  to  800p  particle  AP. 

(C)  Maximum  performance  of  fuels  containing 
TFTA,  boron,  AP,  and  R-binder  occur s  when  the  AP 
level  is  approximately  50%,  However,  with  homoge¬ 
nous  formulations  this  level  will  produce  sustained 
combustion.  To  produce  nonsustaining  combustion 
characteristics,  a  reduced  level  of  AP  loading  is 
required.  The  CIO3F  can  be  used  to  recover  the 
performance  lost  by  reducing  AP  loading  as  dis¬ 
cussed  previously,  butonlyat  the  expense  of  reduc¬ 
ing  oxidizer  bulk  density. 

d.  Fuel  Characterization 

(U)  During  the  previous  work,^)  five  l.O-in.-diameter  motor 
tests  (accumulated  test  time  of  17  sec)  and  nine  5.0-in.  diameter 
subscale  motor  tests  (accumulating  172  sec)  were  conducted  with 
the  HFX  7808  formulation.  Six  full-scale  heavyweight  motor 
assemblies  fabricated  during  this  program  also  incorporated 
the  selected  HFX  7808  fuel  and  were  used  in  13  test  firings, 
accumulating  almost  300  sec  of  firing  time,  Of  these  tests,  12 
were  fixed-thrust  with  a  maximum  duration  of  40  sec  at  boost 
thrust  (1,000  psia)  and  a  maximum  duration  of  40  sec  at  the  sus¬ 
tain  level  (500  psia).  The  one  cycled  firing  consisting  of  12-sec 
boost,  20-sec  coast,  40-sec  sustain,  60-sec  coast,  and  10-sec 
boost  was  performed  to  demonstrate  the  dual-thrust  and  restart 
capability  of  the  system.  The  same  fuel  grain  had  been  previously 
test  fired  for  2  sec  (terminated  prematurely  because  of  an  oxi¬ 
dizer  leak),  thus  giving  a  total  of  four  engine  starts  on  one  grain. 

(C)  All  the  motor  development  tests  (and  also  the  previous 
fuel  studies)  were  conducted  using  ClF^as  the  oxidizer  because 
the  substitution  was  satisfactory  for  experimental  work  and 
resulted  in  substantial  cost  savings,  TheHFX7808  fuel  system 
when  combined  with  CIF3  delivers  approximately  6%  lower  per¬ 
formance  than  when  combined  with  CIF5.  Figure  1  shows  theo¬ 
retical  specific  impulse  versus  O/F  for  HFX  7808  with  CIF^  and 
CIF^  under  several  operating  conditions. 
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Figure  1.  (U)  Optimum  Specific  Impulse  vs  O/F 
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(C)  The  fuel  was  characterized  by  smooth  and  reproducible 
hypergolic  ignition  and  immediate  shutdown  upon  termination  of 
oxidizer  flow  with  no  evidence  of  fuel  surfac e  degradation  (sinter- 
ingor  charring).  Radar  measurements  (appendix II)  have  shown 
the  propellant  exhaust  to  have  minimal  radar  attenuation. 

(U)  Fuelflowand  regression  data  from  the  13  firings  have 
shown  that  the  regression  rate  of  the  HFX  7808  canbe  expressed 
by  r  =  a  PJ71  when  used  with  the  multiport  grain  geometry 
(see  section  IV  of  this  report).  This  nonlinear  relationship 
between  oxidizer  and  fuel  flow  rates  dictates  the  need  for  aft 
end  injection  of  supplemental  oxidize*-  to  maintain  constant 
mixture  ratio  for  dual-thrust  operation, 

3.  GRAIN  GEOMETRY 

(U)  A  multiple-port  fuel  grain  geometry  was  designed  and  developed 
which  delivers  constant  fuel  flow  rate  with  respect  to  burning  time  at  both 
thrust  levels.  The  geometry  is  highly  volumetric  loaded  and  has  demon¬ 
strated  almost  complete  fuel  utilization  in  full-scale  tests.  The  multiple- 
port  configuration  overcomes  design  obstacles  considered  characteristic 
of  hybrid  fuels  which  result  from  relatively  low  regression  rates  as  com¬ 
pared  to  solid  rocket  pro.pellants. 

a.  Hybrid  Fuel  Grain  Design 

(U)  Hybrid  fuel  grain  design  is  a  matter  of  matching  the  fuel 
regression  rate  and  fuel  burning  surface  to  deliver  constant 
fuel  flow  rate  as  a  function  of  burning  time.  The  controlling 
factors  in  grain  shape  design  are  the  relationships  between 
fuel  regression  rate,  oxidizer  flow  rate,  fuel  grain  port  area, 
and  combustion  chamber  pressure. 

(U)  Hybrid  fuel  flow  rate  can  be  expressed: 

wf  =  pf  L  Pb  r  ,  (1) 

where: 

Wf  =  fuel  flow  rate,  lb/sec 
pf  =  fuel  density,  lb/in.3 
P^  =  fuel  burning  perimeter,  in. 

L  =  fuel  grain  length,  in. 
i--=  regression  rate ,  in.  /sec. 
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(U)  The  burning  surface  is  a  function  of  the  fuel  port  which 
changes  with  time,  and  the  regression  rate  is  usually  a  func¬ 
tion  of  oxidizer  mass  flux  (G0  =  oxidizer  flow  rate  ~  fuel  port 
cross  section,  lb/sec-in?  )  and  possibly  of  chamber  pressure. 

* 

(C)  Extensive  theoretical  studies  have  been  conducted  on  other 
programs  in  an  attempt  to  theoretically  predict  the  regression 
rates  of  hybrid  fuels  using  convective  and  radiative  heat  trans¬ 
fer  theory.  However,  at  the  point  in  this  program  where  the 
system  was  committed  to  a  final  design,  the  theory  was  not  yet 
sufficiently  developed  to  handle  fuel  systems  which  incorporate 
ingredients  which  augment  fuel  regression  rate  such  as  AP, 

THA,  TAZ,  and  TFT  A. 

(U)  Empirical  regression  relations  have  been  developed  which 
express  the  fuel  regression  rate  as  a  function  of  chamber  pres¬ 
sure  and/or  oxidizer  mass  flux.  .The  relations  are: 

r  =  a  G0n  (2) 

where  regression  rate  is  considered  to  be  a  function  of  oxidizer 
mass  flux  and: 


(3) 


where  regression  rate  is  considered  to  be  a  function  of  chamber 
pressure  also.  The  mass  flux,  G0,  can  be  replaced  in  the  equa¬ 
tion  by  '''oxpi/^p  which  is  the  ratio  of  forward  oxidizer  flow  to 
fuel  oort  area.  The  constants  and  exponents  are  experimentally 
determined  over  the  range  of  motor  operation. 


{U}  The  substitution  of  either  equation  2  or  3  into  equation  1 
will  result  in 


or 


w( 


aPf  L 


Kdn 


(4) 

(5) 


(U)  In  either  case,  it  is  evident  that  a  Constant  fuel  flowrate  with 
burning  time  will  result  only  when  the  parameter  is  con¬ 

stant.  For  example,  if  a  cylindrical  fuel  port  is  used  with  a  fuel 


16 

CONFIDENTIAL 


CONFIDENTIAL 


UTC  21  <<■  -FR 


which  can  be  characterized  with  an  exponent  (n)  equal  to  0.5,  a 
constant  fuel  flow  rate  with  burning  time  is  obtained.  Since 


and 


then 


The  fuel  port  diameter,  D,  being  the  only  variable  with  burning  time. 


(U)  Constant  fuel  flow  rates  can  also  be  obtained  by  conven¬ 
tional  solid  motor  design  techniques  if  the  exponent  is  zero 
(constant  regression  rate)  and  a  neutral  star  grain  configura¬ 
tion  is  used.  If  the  exponent  is  0.  5,  a  circular  port  can  be 
used,  and  if  the  exponent  is  between  0  and  0.  5,  modified  shapes 
can  be  used  to  produce  constant  fuel  flow  rate. 


b.  Grain  Shape  Studies 


(U)  The  concept  of  the  fuel  grain  geometry  selected  for  devel¬ 
opment  evolved  from  1  2-in. -diameter  motor  studies  under  Con¬ 
tract  No.  AF  04(61 1 ) - 8 5 1 6 .  These  studies  and  subscale  motor 
studies  conducted  under  this  contract  are  discussed  in  the  fol¬ 
lowing  paragraphs  to  provide  background  for  the  development 
of  a  fuel  grain  suitable  for  tactical  missile  propulsion  systems. 

(U)  Hybrid  fuel  regression  rates  are  characteristically  low. 
Therefore,  longer  grain  lengths  are  required  for  higner  thrust 
single-port  motor  designs.  Typically,  a  single-port  fuel  grain 
for  a  5,000-lb  thrust  motor  would  be  approximately  80  to  120  in. 
long  depending  on  .the  regression  rate  of  the  fuel  and  the  optimum 
propeilant  mixture  ratio. 

(C)  Twelve-in.  motor  design  "tudies  conducted  under  Contract 
No.  AF  04(61 1 ) - 8 5 1 6  resulted  in  the  development  and  testing  of 
two  multiple-port  fuel  grain  shapes  which  greatly  reduced  the 
required  length  of  a  5,000-lb  thrust  motor.  The  fuel  grain  shapes 
are  a  three-port  cartwheel  design  and  hubbed  nine-port  cartwheel 
grain  shape,  as  shown  in  figure  2  .  The  resultant  reduction  in 
motor  L/D  is  shown  in  table  III  in  which  the  benefit  of  multiple- 
port  fuel  grain  shapes  is  clearly  indicated. 
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SLIVER  6.3% 


LOADING  0.89 


NOTE;  EIGHT  SMALL  HOLES  INCLUDED 
TO  REDUCE  SLIVER  LOSS 


NINE  PORT  HtJBBED -CARTWHEEL  GRAIN  DESIGN 


SLIVER 


LOADING 
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THREE-PORT  CARTWHEEL  GRAIN  DESIGN 
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(U)  Hybrid  Fuel  Grain  Shapes 
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TABLE  III 

(U)  LENGTH -TO -DIAMETER  RATIO 
OF  TYPICAL  5,000-lb  THRUST  HYBRID  MOTORS 


Grain  Shape 

Motor  L/D 

Motor  Length 
in. 

Motor  Diameter 
in. 

Cylindrical  single  port 

7.  8 

78 

10 

Three-port  cartwheel 

2.  9 

36 

12.  5 

Nine-port  cartwheel 

1.6 

25 

1 '  .  3 

(C)  Each  of  these  fuel  grains  was  successfully  tested  twice 
during  the  prior  program,  ana  they  demonstrated  efficient  and 
predictable  fuel  utilization.  These  grain  shapes  had  cross- 
sectional  loading  fractions  of  89%  and  80%  and  sliver  fractions 
of  8.  5%  and  6.  3%,  respectively. 

(U)  A  high  loading  fraction  is  desirable  for  maximum  system 
performance,  but  loading  fraction  is  limited  by  the  smallest  port 
size  which  is  usable.  In  addition,  extremely  small  port  sizes 
increase  the  sliver  fraction  (residual  fuel  area  divided  by  the 
chamber  area)  beyond  practical  limits  and  result  in  poor  fuel 
utilization.  The  large  sliver  fractions  result  from  the  long  radii 
arcs  produced  from  burning  lar ge  propellant  web  thicknesses. 

(C)  Based  on  the  success  of  the  multiple-port  grain  shapes 
tested  under  Contract  No.  AF  04(61 1 ) -85 i 6 ,  analytical  design 
studies  were  conducted  during  phase  I  which  incorporated  the 
concept  of  using  inactive  ports  in  a  multiple -port  design  to  pro¬ 
mote  fuel  regression  in  the  direction  which  normally  would 
result  in  high  fuel  sliver  volume.  The  study  resulted  in  the 
design  of  the  geometry  of  figure  3  which  provides  a  cross- 
sectional  loading  of  93%  and  a  sliver  fraction  of  6.7%x 

c.  Geometry  Development 

(C)  The  1 8 -in. -diameter  fuel  configuration  uses  six  active 
fuel  ports  into  which  oxidizer  is  sprayed;  each  active  port  has 
seven  inactive  satellite  ports  clustered  about  it  v.hich  by  defini¬ 
tion  are  not  supposed  to  burn  until  the  web  between  each  inac¬ 
tive  port  is  consumed.  The  successive  burning  of  inactive  ports 
results  in  constant  fuel  flow  rate  (hence,  constant  O/F)  when 
matched  to  the  proper  fuel.  Predicted  regression  profiles  are 
also  shown  in  figure  3,  illustrating  the  change  from  a  circular 
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fuel  grain  loading  fraction  -  93% 

CALCULATED  SLIVER  .  6  7% 

ACTIVE  FUEL  PORT  AREA  -  6.*80  ;n2 

INACTIVE  FUEL  PORT  AREA  -  1]  .88  in2 

FUEL  GRAIN  CROSS  SECTION  -251.2  in2 


TED 
REGRESSION 
PROFILE 


1  CONFIDENTIAL 


"3  IN. 


ACTIVE  PORT  1.20  IN.  DIA 


INACTIVE  PORT 
0.6  D'A  TYP 


Figure  3. 


(U)  Grain  Geometry  of  Motors  10  and  11 
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to  a  near  triangular  geom  try.  Appendix  1  consists  of  calcula¬ 
tions  required  to  determine  grain  dimensions,  oxidizer  flow 
rates,  etc. 

(U)  Four  5 -in. -diameter  subscale  motor  tests  were  conducted 
during  the  initial  9-month  period  of  the  contractusing  the  selected 
fuel  system  (HFX  7808)  in  a  grain  configuration  similar  to  one 
major  port  of  the  full-scale  motor  to  obtain  regress  ion  rate  data. 
Two  tests  were  conducted  at  the  boost  thrust  oxidizer  flow  rate 
and  chamber  pressure  { 1 . 00C  p«ia),  and  two  were  conducted  at 
sustain  oxidizer  flow  rate  and  chamber  pressure  (500  psia).  The 
test  results  indicated  that  high  fuel  flow  rates  were  obtained 
during  initial  consumption  of  the  fuel  grain  in  contrast  to  the 
analytically  predicted  low  rates.  Measurement  of  full-scale 
fuel  ports  after  limited  full-scale  testing  during  the  same  period 
indicated  similar  fuel  flow  behavior  to  that  of  the  subscale  tests; 
the  actual  regression  behavior  produced  aninitiallv  higher  fuel 
flow  than  that  calculated. 

(C )  Experimental  studies  conducted  during  the  recently  com¬ 
pleted  6-month  effort  have  disclosed  that  burning  of  the  AP-'l  F'l  A- 
loaded  fuel  under  pressur  e  (500  to  1,000  psia)  and  temperature 
(theoretical  maximum  flame  temperature  of  about  6,500°F) 
caused  the  satellite  ports  (which  wereopenonly  at  the  aft  end  of 
the  grain)  to  enlarge  prematurely  (i .e . ,  burn  as  a  solid  fuel). 

This  burning  was  the  result  of  the  high  AP  loading  (30%)  of  the 
fuel  at  which  level  the  realm  of  the  "typical  hybrid"  is  left  and 
the  pressure-dependent  solid  influence  is  seen.  Thus,  prior  to 
exposure  to  the  oxidizer,  the  satellite  ports  contribute  fuel  flow 
to  supplement  that  of  the  primary  ports  which  are  functioning  as 
a  normal  hybrid  propellant.  In  addition  to  increasing  the  fuel 
flow  rate,  premature  enlargement  of  the  satellite  ports  produced 
a  nor”  ai  form  web  between  die  primary  ports. 

(C)  Three  modifications  were’devised  to  compensate  for  Lhc 
nonuniform  web  burning.  The  modifications  (section  IV,  part  5 
of  this  report)  which  were  tested  and  evaluated  in  four  full-scale 
motor  tests  resulted  in  the  selection  of  .the  final  grain  geometry 
of  figure  4.  This  geometry  utilizes  smaller  satellite  ports  to 
account  for  the  "solid  burning"  of  the  satellites.  The  burning 
progression  has  been  found  to  closely  approach  the  design 
requirement  and  has  delivered  over  96%  fuel  utilization  (by 
weight)  in  fuU-scale  tests. 
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.60-in.  DIA  TYP 
.5?-in.  DIA  TYP 


INITIAL  PORT  1.8  in.  DIA 
.25  in.  DIA  TYP 


FUEL  GRAIN  LOADING  FRACTION 

-  91% 

ACTIVE  FUEL  PORT  AREA 

-  15.29  in.2 

INACTIVE  FUEL  PORT  AREA 

-7.15  in.2 

FUEL  GRAIN  CROSS  SECTION 

-  25’ .2  in  2 

Figure  4.  (U)  Grain  Geometry  of  Motors  14  and  15 
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(C)  Preliminary  data  used  to  establish  the  grai n  dimensions 
were  based  on  a  fuel  regression  rate  given  by  r  =  0.15  G0a4Pc0,1. 
Subsequent  studies  conducted  during  the  present  program  dis¬ 
closed  that  the  regression  rate  is  less  than  previously  predicted. 

(These  studies  are  described  in  detail  in  section  IV.)  The  lower 
rates  dictate  that  the  existing  grain  dimensions  be  changed  or 
some  other  grain  geometry  having  an  increased  fuel  surface  area 
be  used  to  achieve  the  proper  fuel  flow  rates  and  maintain  the 
optimum  mixture  ratio  over  the  dual-thrust  range. 

4.  THRUST  CONTROL  SYSTEM 

(U)  A  thrust  control  s^  ;tem  has  been  established  which  will  permit  opera¬ 
tion  of  the  TCA  at  eithei  thrust  level  while  maintaining  constant  mixture 
ratio.  The  system  is  comprised  of  two  major  subsystems:  an  oxidizer 
flow  control  system,  and  an  oxidizer  injection  system, 

(C)  The  flow  i' ontr ol  subsystem  consists  of  a  dual-element  solenoid  valve 
which  provides  on-off  and  dual-thrust  operation.  The  oxidizer  injection 
subsystem  consists  of  six  dual-manifold  primary  injectors  and  a  single  aft 
injector.  The  flight  configuration  flow  control  valve  was  fabricated  and 
bench-tested  in  preparation  for  full-scale  motor  testing;  however,  because 
it  was  made  to  mate  with  the  flight  configuration  forward  closure  (refer  to 
figure  7),  it  could  not  be  used  with  the  heavyweight  test  motor  used  during 
this  effort.  The  oxidizer  injection  system  has  been  extensively  utilized  in 
the  full-scale  test  program. 

a.  Design 

* 

(C)  A  simple  thrust  control  system  has  been  devised  which, 
with  one  dual-element  solenoid  valve,  can  provide  dual-thrust 
operation  as  well  as  on-off  control.  The  system  shown  sche¬ 
matically  in  figure  5  includes  the  dual-element  valve,  six  dual¬ 
manifold  primary  "tors,  and  a  single  fixed-area  aft  injector, 

(C)  During  sustain  thrust  operation,  oxidizer  is  supplied  to  the 
motor  by  the  sustain  thrust  valve  element  while  both  valve  ele¬ 
ments  supply  oxidizer  during  boost  thrust  operation.  Oxidizer  is 
supplied  to  the  dual-element  valve  through  a  single  feedline  at 
a  constant  pressure  of  i,  100  psi. 

(C)  Since  boost  thrust  ope  rating  chamber  pressureis  1,000  psi 
and  sustain  thrust  operating  pressure  is  500  psi,  system  pressure 
differentials  of  100, psi  at  bocst  thrust  and  600  psi  at  sustain  thrust 
are  available  to  control  oxidizer  flow  through  the  injectors.  (All 
of  the  injectors  are  the  fixed-area  orifice  type;  therefore,  as  a 
result  of  changes  in  operating  chamber  pressure,  the  flow  rates 
in  the  aft  injector  and  sustain  pyrts  of  the  primary  injector  will 
change  in  the  ratio  of  (600/100)2,  or  2.45,  as  thrust  changes  are 
made  from  5,000  to  2,500  lb.) 
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Figure  5.  (U)  Thrust  Control  System 
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(U)  The  distribution  of  oxidizer  between  primary  and  aft  injec¬ 
tors  at  the  boost  and  sustain  thrust  levels  is  a  function  of  the 
sensitivity  of  fuel  delivery  rate  to  primary  oxidizer  flow  rates 
and  combustion  chamber  pressure.  Experience  with  fuel  of  the 
type  being  evaluated  had  shown  that  it  can  be  characterized  rea¬ 
sonably  well  within  the  operating  limits  of  this  system  by  an 
empirical  regression  rate  equation  of  the  form 


r  = 


a  P™  Gnn 


(9) 


where  the  operating  limits  are 

Pc  less  than  1,000  psi 

G0  between  0  01  and  2.  0  lb/ sec-in.2 


and 


r 

a 


m 

n 


regression  rate,  in. /sec 
proportionality  constant 
combustion  chamber  pressure,  psi 
oxidizer  mass  flux  (lb/sec-in.)  =  wox 
primary  oxidizer  flow  rate,  lb/sec 
fuel  grain  port  area,  in.2 
pressure  exponent 
oxidizer  mass  flux  exponent. 


A 


P 


(C)  Experience  with  the  fuel  under  investigation  on  this  con¬ 
tract  indicated  that  the  value  of  the  exponent,  n,  in  the  above 
equation  is  approximately  0.4  and  m  is  approximately  0.1. 
Therefore,  the  ratio  of  boost-thrust  primary  oxidizer  flow 
rate  to  sustain  thrust  primary  flow  rate  required  is  almost 
5:1  in  order  to  achieve  a  boost  to  sustain  thrust  ratio  of  2:1 
with  a  constant  mixture  ratio. 


(U)  Since  the  relationship  between  the  fuel  flow  rate  and  pri¬ 
mary  oxidizer  flow  rate  is  nonlinear,  supplemental  aft  injection 
of  oxidizer  is  needed  to  maintain  a  constant  mixture  ratio.  The 
aft  oxidizer  boost-level  flow  rate  is  selected  to  provide  the 
proper  flow  at  both  thrust  levels  (minimum  flow  at  boost  for  sur¬ 
vivability  yet  maintain  constant  O/F  ratio  at  both  levels)  with  the 
varying  pressure  drop.  By  judicious  selection  the  ratio  of  aft 
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oxidizer  flow  rate  at  sustain  thrust  to  that  at  boost  thrust  can 
be  tailored  to  fit  the  ratio  (2.45)  provided  by  the  system  pres¬ 
sure  differential  change.  A  similar  change  in  flow  rate  results 
in  the  sustain  thrust  orifices  of  the  primary  injector  as  the 
chamber  pressure  varies  with  thrust,  but  this  can  be  accom¬ 
modated  by  the  oxidizer  flow  through  the  boost  thrust  valve. 

b.  Oxidizer  Flow  Control 

(U)  To  meet  the  operating  requirements  of  dual  thrust  and 
random  on-off  duty  cycles,  a  dual-element  thrust  control  valve, 
shown  in  figure  6,  has  been  developed  which,  when  used  in  the 
selected  thrust  control  system,  will  provide  on-off  and  dual-thrust 
operation  from  only  two  28  v  electrical  signals. 

(U)  This  valve,  which  is  shown  schematically  in  figure  7,  is 
predominantly  aluminum  and  consists  of  a  common  feedline, 
two  pilot  solenoids,  and  two  main  poppet  valves  which  control 
oxidizer  flow  through  two  discharge  manifolds,  a  boost  thrust 
oxidizer  manifold,  and  a  sustain  thrust  oxidizer  manifold. 

(U)  The  valve  mounts  directly  to  the  forward  closure  of  the 
flightweight  full-scale  motor,  thus  providing  a  short  overall 
length  TCA.  It  is  activated  by  application  of  a  28-vdc  signal 
(0.9  amp)  to  the  solenoid  which  causes  the  solenoid  armature 
to  push  the  pilot  poppet  to  the  opposite  seat.  Chamber  A  (see 
figure  7)  is  then  vented  to  the  valve  discharge.  The  feed  sys¬ 
tem  pressure  applied  to  chamber  B  causes  a  force  unbalance  on 
the  poppet,  thereby  opening  the  main  poppet.  Removal  of  the 
electrical  source  pauses  the  pilot  poppet  to  return  to  the  closed 
position.  The  feed  system  pressure  is  applied  again  to  cham¬ 
ber  A,  causing  the  main  poppet  to  close. 

(U)  The  valve  weighs  only  5  lb  and  was  designed  to  be  amenable 
with  low-cost  mass  production.  No  seals  are  used  on  the  main 
poppet,  and  the  valve  seat  is  machined  into  the  aluminum  valve 
body.  With  proper  handling  and  avoidance  of  foreign  particles, 
this  seat  should  have  a  service  life  of  50  cycles  minimum  and 
can  be  refurbished  by  subsequent  lapping.  Each  pilot-poppet 
solenoid  is  removable  without  otherwise  disturbing  the  valve. 
Each  contains  one^ dynamic  seal  which  permits  the  use  of  small 
low-current  solenoids  and  avoids  the  necessity  of  expensive  bel¬ 
lows  sealed  poppets,  as  normally  required  for  use  with  fluori- 
nated  oxidizers. 
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Figure  6.  (U)  Dual-Element  Thrust  Control  Valve 
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(U)  The  pilot  poppet  seal  is  a  spring-loaded  Teflon  packing 
available  under  a  variety  of  trade  names.  Although  Teflon  is 
not  considered  to  be  compatible  with  fluorinated  oxidizers,  it 
has  been  used  with  consistently  satisfactory  results  in  situa¬ 
tions  where  the  seal  operates  in  a  limited  duty  cycle  and  is 
removed  from  high-velocity  oxidizer  flow. 

(U)  Cycling  tests  conducted  by  the  manufacturer  indicate  that 
the  valve  operates  with  response  times  of  approximately  100  msec, 
and  at  pressures  up  to  1,500  psi.  Water  flow  calibration  tests, 
hydrostatic  tests,  and  operational  tests  have  been  made  with 
the  valve. 

c.  Injection  System 

(U)  Prior  to  the  development  of  the  dual-manifold  poppet 
injector  and  poppet-type  aft  injector,  an  injector  development 
program  was  conducted  to  evaluate  various  injector  concepts 
which  had  potential  application  in  a  dual-thrust  hybrid  propul¬ 
sion  system.  Injector  requirements  included  the  capability  of 
delivering  two  oxidizer  flow  rates  for  the  boost  and  sustain 
thrust  levels  at  forward  and  aft  injector  locations.  The  injec- 
tant  spray  pattern  should  have  a  minimum  of  radial  spray  momen¬ 
tum  to  minimize  splashbloek  requirements  and  effect  uniform 
fuel  regression  behavior .  In  addition,  the  injectors  should  be 
capable  of  multiple  motor  restarts  after  short  coast  periods. 

(U)  Several  additional  injector  designs  were  evaluated  which 
had  one  or  more  of  the  desirable  features  of  dual-thrust  motor 
operation.  These  included  an  impinging  streams  injector,  a 
dual-orifice  hollow-cone  injector,  and  an  orificed  poppet  injec¬ 
tor.  Discussion  of  these  studies  are  available  in  reference  1. 

(1)  Forward  Injectors 

(C)  A  dual  manifold  poppet  injector  has  been  designed, 
fabricated,  and  successfully  tested  for  use  with  the  selec - 
ted  thrust  control  system  in  delivering  oxidizer  through¬ 
out  a  dual-thrust  on-off  uul-y  cycle.  The  primary  oxidizer 
injector  shown  in  figure  8  delivers  oxidizer  at  two  flow 
rates  and  shuts  off  the  oxidizer  flow  at  the  injector  when 
flow  is  terminated  upstream.  The  injector  consists  of  an 
injector  body  and  a  spring-loaded  poppet.  The  poppet  stem 
contains  a  flow  passage  and  fixed  orifices  which  control 
oxidizer  during  sustain  thrust  operation.  The  injector 
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Figure  8.  (U)  Primary  Oxidizer  Injector  Schematic 
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body  contains  an  annular  flow  passage  and  orifice  which 
controls  additional  oxidizer  flow  used  during  boost 
thrust  operation. 

(C)  The  spring-loaded  poppet  is  designed  to  open  under 
oxidizer  pressure  from  the  sustain  thrust  valve  manifold. 
The  travel  of  the  poppet  is  limited  by  an  adjustable  nut 
which  prevents  poppet  oscillation.  The  external  surface, 
on  which  the  poppet  seats,  serves  to  direct  the  oxidizer 
flow  axially  into  the  motor. 

(C)  Since  the  poppet  is  operated  by  oxidizer  pressure, 
termination  of  flow  upstream  will  cause  it  to  close, 
thereby  preventing  backflow  and  possible  contamination 
of  the  feed  system  with  fuel-rich  vapors.  Contamination 
of  the  oxidizer  feed  system  by  residual  fuel  vapors  could, 
on  restarting,  cause  a  reaction  between  contaminants  and 
oxidizers,  resulting  in  damage  to  the  injectors. 

(U)  This  dual -manifold  injector  has  been  used  exten¬ 
sively  in  full-scale  testing.  The  injector  has  performed 
very  satisfactorily  under  normal  test  conditions.  Further 
performance  description  is  presented  in  section  IV. 

(2)  Aft  Injector 

(U)  To  complete  the  complement  of  injectors  required 
for  the  selected  thrust  control  scheme,  a  simple  poppet- 
type  aft  injector,  shown  schematically  in  figure  9  ,  was 
developed  for  the  full-scale  motor.  The  aft  injector  has 
survived  four  engine  starts  in  a  single  full-scale  motor 
test. 

(C)  The  aft  injector  operates  on  oxidizer  fluid  pressure, 
but  in  this  case  it  also  acts  as  a  fixed-area  orifice.  Flow 
rate  variation  through  the  aft  injector  is  therefore  accom¬ 
plished  only  by  changes  in  the  pressure  differential.  The 
aft  injector  is  designed  to  produce  a  120°  included-angle 
radial  spray  pattern  to  deliver  oxidizer  into  the  motor 
plenum  chamber  from  its  central  location.  Flow  rate 
changes  required  for  dual-thrust  operation  are  accom¬ 
plished  by  changes  in  injector  differential  pressure. 
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5.  TEST  MOTOR 

(U)  The  test  vehicle  utilized  in  the  program  is  the  full-scale  heavyweight 
steel -walled  TCA  illustrated  in  figure  1C.  The  TCA  was  designed  using  the 
data  of  table  IV  to  incorporate  the  fuel  system,  the  fuel  grain  geometry, 
and  the  flight  configuration  components  upon  which  development  had  been 
initiated  during  the  previous  9-month  effort.  A  summary  of  preliminary 
design  calculations  is  presented  in  appendix  I 

(C)  The  full-scale  system  is  based  on  dual-thrust  requirements  with  a 
maximum  thrust  of  5,  000  lb  (delivered)  at  a  chamber  pressure  of  i.OOOpsia 
and  a  minimum  of  2,  500  lb  at  500  psia  chamber  pressure.  The  unit  is 
capable  of  delivering  the  total  impulse  at  boost  thrust,  sustain  thrust,  or 
any  combination  of  boost-coast-sustain-coast -boost  type  of  thrust  mode. 

(C)  The  HFX  7808/ClF^  propellant  combination  was  employed  using  the 
multiple-port  fuel  grain  geometry.  The  specific  impulse  efficiency  was 
assumed  to  be  94%  at  maximum  chamber  pressure.  The  engine  employs 
the  multiple -port  grain  geometry,  aft  oxidizer  injection,  and  a  submerged 
nozzle  to  achieve  and  maintain  mixture  ratio  and  to  deliver  high  perform¬ 
ance  at  the  two  thrust  levels.  Excellent  shutdown  and  restart  character¬ 
istics  are  ensured  by  the  use  of  ablative,  low  heat  absorbing  materials 
wherever  possible. 

(C)  The  TCA,  which  contains  approximately  200  lb  of  fuel,  incorporates 
six  dual-flow  primary  oxidizer  injectors  located  in  the  forward  closure,  and 
an  aft  oxidizer  injector  which  passes  through  the  center  of  the  fuel  grain. 
The  aft  injector  sprays  oxidizer  into  a  plenum  chamber  formed  by  the  aft 
surface  of  the  fuel  grain,  the  aft  closure,  and  the  submerged  nozzle. 

a.  Nozzle 

(C)  The  nozzle  design  philosophy  used  was  to  employ  a  rapid 
ablator  as  the  submerged  entrance  cap  to  minimize  heat  input 
from  the  cap  to  the  fuel  grain  and  to  film-cool  the  nozzle,  while 
the  throat  material  requirements  were  dictated  by  erosion 
resistance.  The  designs  were  subjected  to  thermal  analyses 
to  evaluate  their  ability  to  withstand  the  thermal  shock  and 
repeated  heat-soak  periuus  characteristic  of  the  duty  cycles 
required.  For  the  purpose  of  analysis,  nylon -phenolic  was 
used  as  the  submerged  cap  material  with  graphite -phenolic 
as  the  throat  section.  A  motor  thrust  duty  cycle  was  assumed 
which  would  impose  the  most  severe  heat  loads  on  the  motor 
components.  The  thrust  duty  cycle  assumed  a  20-sec  firing 
at  a  chamber  pressure  of  1,000  psi,  a  2-min  coast  period, 
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TABLE  IV 

(U)  ENGINE  DESIGN  DATA 


Fuel 

Oxidizer 

Fuel  grain  configuration 
Thrust  {nominal  high/low  —  delivered),  lb 
Total  impulse ,  lb-sec 
Chamber  pressure 

(maximum /minimum  —  delivered),  psia 
Mixture  ratio  (O/F) 

Design  specific  impulse  efficiency,  % 

GQ  (maximum/minimum),  lb/sec -in.z 
Volumetric  loading  {fuel  grain),  % 

Sliver  (fuel  grain),  % 

Grain  length,  in. 

Grain  outside  diameter,  in. 

Injector  AP  at  boost  thrust,  psi 
Injector  AP  at  sustain  thrust,  psi 
Nozzle  throat  diameter,  in. 

Nozzle  expansion  ratio 
Nozzle  exit  half-angle ,  0 
Fuel  density,  lb/in.3  (actual) 

Propellant  flame  temperature,  °F  (theoretical)^ 


HFX  7808 

cif5 

Multiple  port. 
5,000/2,500 
200, 000 

1, 000/500 
2.  5 
94* 

2.  02/0.  018 
91 
7 

20 
18 
100 
600 
2.  00 
7:1 
15 

0.  0484 
6,250 


*  Performance  at  maximum  thrust 
t  P  =  1, 000  psia,  O/F  =  2.  5 
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a  30-sec  firing  at  a  chamber  pressure  of  500  psi,  a  4-mincoast 
period,  and  finally  a  20-sec  firing  at  a  chamber  pressure  of 
500  psi.  The  following  additional  assumptions  were  made  for 
use  in  the  thermal  analysis: 

A.  No  heats  of  ablation  were  considered;  the  mate¬ 
rial  was  assumed  to  erode  at  experimentally 
determined  rates. 

B.  No  mass  efflux  (transpiration)  from  the  wall 
was  considered. 

C.  No  heat  of  resin  pyrolysis  was  considered. 

D.  No  change  in  material  properties  was  assumed 
to  occur  with  the  charring  process. 

E.  No  convective  or  radiative  cooling  was  assumed 
to  exist  during  heat  soak. 

F.  Nylon-phenolic  was  assumed  to  ablate  at  the 

equilibrium  wall  temperature  (7,000<>F).  (C) 

(U)  The  effect  of  these  assumptions  was  to  produce  the  worst 
possible  temperature  profile  and,  hence,  a -conservative  design. 
As  can  be  seen  from  the  temperature  histories  in  the  thermal 
profile,  (figure  1  i )  outside  wall  temperatures  remained  under 
control  throughout  the  duty  cycle.  Ample  material  was  pres¬ 
ent  in  the  nozzle  to  ensure  against  the  occurence  of  a  complete 
charthrough  during  the  useful  life  of  the  nozzle.  Minimum  wall 
thicknesses  were  thus  determined  from  the  obtained  thermal 
profiles  and  applied  to  the  design. 

b.  Insulation 

(U)  Studies  have  shown  that  the  tendency  of  a  hybrid  fuel  to 
sustain  combustion  upon  termination  of  oxidizer  flow  in  some 
instances  is  aggravated  by  the  use  of  graphite  and  nonablative 
materials  in  the  construction  of  the  motor.  These  materials, 
which  absorb  heat  during  the  firing,  can  radiate  or  conduct 
energy  to  the  fuel  grain  and/or  adjacent  insulation  after  the 
firing.  Volatilization  of  the  fuel  and/or  insulation  then  results 
until  the  motor  components  are  sufficiently  cool.  If  only  the 
insulation  is  affected,  the  reaction  of  the  insulation  volatiles 
with  air  outside  the  motor  gives  a  false  impression  of  continued 
internal  combustion. 
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Figure  11,  (U)  Thermal  Profile  of  Nozzle  Throat 

38 

CONFIDENTIAL 

(This  page  is  Unclassified) 


UNCLASSIFIED 


UTC  2141  -FR 


(U)  Nylon-phenolic,  a  rapid  ablator,  was  thus  selected  for  the 
aft  grain  insulation  and  aft  closure  insulation  applications.  This 
material  has  shown  regression  at  a  moderate  rate,  producing  a 
uniform,  clean  surface  with  very  little  char. 

(U)  Based  on  an  ablation  rate  of  approximately  12  mils/sec,  the 
aft  grain  insulation  was  fabricated  toa3/4-in.  thikness.  Studies 
conducted  under  Contracts  No.  NAS  7-311  and  NAS  7-475^)  which 
used  a  25%  lithium,  10%  lithium  hydride,  65%  polybutadiene  fuel 
(HFX  2084),  had  revealed  excessive  local  erosion  of  the  aft  clo¬ 
sure  insulation  due  to  particle  and  gas  impingement  from  the 
fuel  port  (employing  a  three-port  geometry).  Therefore,  the 
aft  closure  insulation  for  this  system  was  conservatively  fabri  - 
cated  2  in.  thick.  The  local  erosion  did  not  occur  with  the 
HFX  78O8/CIF3  combination.  Hence  the  insulation  was  con¬ 
siderably  overdesigned. 
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SECTION  IV 

FULL-SCALE  MOTOR  DEVELOPMENT  AND  DEMONSTRATION 


(C)  Two  full-scale  motor  configurations  have  been  developed:  a  flight  - 
weightfiberglas  s-cased  design  which  was  developed  during  the  initial  program 
and  subjected  to  limited  testing,^)  and  a  heavyweight  design  on  which  exten¬ 
sive  testing  was  recently  completed.  The  motor  designs  employ  a  multiple 
port  grain  geometry,  aft  oxidizer  injection,  and  a  submerged  nozzle  to  achieve 
and  maintain  the  desired  mixture  ratio  and  deliver  high  performance  at 
two  thrust  levels .  Excellent  shutdown  and  re  start  characteristics  are  ensured 
by  the  use  of  low  char,  low  heat-absorbing  materials  wherever  possible. 

(C)  Six  heavyweight  18-in.-diam.eter  TCAs  (figures  10  and  LI)  were  success¬ 
fully  tested  in  13  firings  (12  fixed -thrust  and  1  cycled)  achieving  performance 
efficiencies  near  96%,  and  demonstrating  96%  fuel  utilization.  Four  assem¬ 
blies  were  used  to  characterize  the  fuel  and  verify  component  design  con¬ 
cepts;  the  remaining  two  assemblies  were  used  to  demonstrate  TCA  operation 
over  representative  duty  cycles.  The  following  paragraphs  describe  the  fuel 
processing  techniques,  test  histories  and  results,  and  component  evalua¬ 
tions  which  were  accomplished 

1.  PROCESSING 

(U)  Rigorous  processing  procedures  were  established  to  circumvent  fuel 
grain  porosity  and  ingredient  incompatibility  which  were  observed  during 
the  early  development  of  HFX  7808  fuel.  Newlptsof  materials  were  checked 
for  incompatibility  (excessive  foaming  or  gassing  during  cure,  resulting  in 
a  porous  grain)  before  fabrication  of  a  complete  fuel  grain  was  attempted. 
All  constituents  were  thoroughly  dried  or  degassed.  The  ingredients  were 
mixed  and  the  fuel  was  cast  under  a  vacuum  atmosphere  to  minimize  dusting. 

(U)  The  fuel  was  cast  into  a  lined  phenolic  sleeve  for  easy  removal  from 
the  motor  case  during  disassembly  (see  appendix  III).  After  a  3-day  cure 
at  120°  to  130  “F,  the  fuel  grain  was  removed  from  the  oven  and  stripped  of 
its  casting  hardware.  The  final  fuel  processing  procedure  consisted  of 
trimming  the  fuel  grain  slightly  below  the  aft  end  of  the  motor  case. 

(U)  The  resultant  grains  were  excellent.  The  grains  were  structurally 
sound;  the  perforations  were  smooth  and  uniform  with  no  evidence  of 
oorosity.  After  it  was  subjected  to  multiple  firings,  the  fuel  surface 
appeared  as  before  firing,  with  no  char  or  indication  of  degradation. 
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2.  MOTOR  TEST  DESCRIPTION 

(C)  Six  full-scale  heavyweight  motor  assemblies  were  fabricated  and 
tested  in  13  firings.  The  following  discussion  summarizes  the  testing  of 
each  motor  assembly  and  the  various  components  tested  with  each  assembly. 
The  heavyweight  motor  assemblies  were  labeled  10  through  15  following  the 
first  nine  flightweight  assemblies  of  the  previous  effort.  Figure  ,13  illus¬ 
trates  the  test  history  of  each  motor  assembly-  It  should  be  noted  that  the 
decay  of  the  pressure-time  curves  are  due  to  nozzle  erosion  except  where 
otherwise  indicated. 

a.  Motor  10 

(C)  The  motor  assembly  was  test  fired  three  times  at  the  sus¬ 
tain  thrust  level  (nominally  500  psia  chamber  pressure)  for  a 
cumulative  duration  of  54  sec.  The  objectives  of  these  tests 
were  to  further  characterize  the  fuel  regression  behavior,  to 
observe  the  growth  pattern  of  the  fuel  grain  perforations,  and 
to  evaluate  systems  and  components  at  the  sustain  thrust  level. 

(C)  The  firstfiring,  scheduled  for  a  20-sec  duration,  was  termi¬ 
nated  after  14  sec  due  to  a  small  C1F 3  leakatthe  oxidizer  injection 
manifolding  (see  figure  10).  Shutdown  was  smooth  and  immediate. 
Inspection  of  the  manifolding  disclosed  a  loss  of  five  of  the 
seven  T eflon  O-rings  exposedto  C1F 3.  Examination  of  the  interior 
of  the  motor  revealed  a  uniform  profile  along  the  port  length,  with 
no  tapering.  The  grain  was  clean  with  no  char  or  indication 
of  degradation.  The  nylon -phenolic  aft  closure  insulation  per¬ 
formed  well,  displaying  no  irregularities  in  the  ablation  pattern 
and  an  ablation  rate  well  within  design  limits.  The  graphite  - 
phenolic  nozzle  throat  and  divergent  section  showed  very  little 
erosion;  however,  the  magnesia-phenolic  nozzle  entrance  cap 
ablated  at  a  much  higher  rate  than  anticipated  and  was  completely 
gone  after  14  sec  of  operation. 

(C)  The  paper-phenolic  forward  closure  insulation  (figure  10) 
experienced  severe  local  erosion  in  the  vicinity  of  the  forward 
injectors.  The  insulation  was  completely  burned  away  around 
one  injector,  damaging  the  injector  and  exposing  the  steel  forward 
closure.  Overheating  damaged  the  aft  injector  poppet  along  its 
outer  edge. 

(C)  Further  inspection  and  analyses  revealed  the  following: 

(1)  the  Teflon  O-rjing  failures  had  been,  caused  by  scratches 
on  the  sealing  surfaces  which  allowed  CIF3  to  bleed  by  and 
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consume  the  O-rings,  and  (2)  the  forward  insulation-forward 
injector  damage  was  a  result  of  excessive  radial  clearance 
between  the  injector  bodies  and  the  insulation. 

(C)  Prior  to  further  testing  of  motor  10,  the  O-ring  sealing 
surfaces  were  repaired,  radial  clearance  around  the  forward 
injectors  eliminated,  and  the  aluminum  aft  injector  poppet 
replaced  with  a  copper  poppet. 

(C)  The  motor  was  successfully  refired  two  t  imes  for  20-sec 
durations.  The  forward  insulation-forward  injector  damage 
did  not  recur,  O-ring  leakage  was  slight,  and  the  same  aft 
injector  survived  bothfirings.  The  aft  closure  insulation,  nozzle 
throat,  and  divergent  sections  continued  to  perform  well. 

(C)  Termination  of  the  firings  was  smooth  and  immediate. 
The  fuel  grain  continued  to  maintain  a  clean  surface  with  no 
evidence  of  char  or  degradation. 

b.  Motor  11 

(C)  Three  firings  were  performed  with  motor  1 1  at  the  boost 
thrust  ievel  (1,000  psia  chamber  pressure)  accumulating  30  sec 
of  firing  time.  The  objectives  of  these  tests  were  to  characterize 
the  fuel  regression,  observe  the  grain  geometry  progression 
with  successive  firings,  and  evaluate  the  individual  components 
at  the  boost  thrust  level. 

(C)  The  motor  was  initially  test  fired  for  10  sec.  The  aft  insu¬ 
lation  again  performed  well  as  did  the  integral  nozzle  throat  and 
exit  section,  and  the  grain  surface  was  uniform  with  no  sign  of 
thermal  degradation.  The  same  problem  areas  occurred  as  in 
the  first  test  of  motor  10.  All  six  forward  injectors  were 
damaged  severely,  the  magnesia-phenolic  nozzle  entrance  cap 
had  regressed  excessively,  and  the  aft  injector  poppet  valve  was 
similarly  damaged  - 

(C)  Before  continuing  the  series,  the  radial  clearance  around 
the  forward  injectors  was  corrected  as  in  motor  10;  the  alumi¬ 
num  aft  injector  poppet  valve  was  replaced  with  a  copper  valve. 
In  addition,  the  magnesia-phenolic  nozzle  entrance  cap  was 
replaced  with  one  fabricated  of  silica-phenolic . 

(C)  The  aft  injector  was  lost  during  the  next  10-sec  firing. 
The  failure  was  attributed  to  the  loss  of  a  Teflon  O-ring  at  the 
aft  injector-feed  tube  joint  with  subsequent  oxidizer  leakage 


45 

CONFIDENTIAL 


UTC  2141-FR 


CONFIDENTIAL 


and  reaction  upstream  of  the  injector.  Since  CIF3  had  severely 
damaged  the  aft  injector  insulation,  the  aft  injector  was  omitted 
from  the  assembly  during  the  final  10 -sec  firing  of  the  motor. 

The  substitution  of  silica-phenolic  for  magnesia-phenolic  in  the 
nozzle  entrance  cap  resulted  in  lower  erosion  rates,  although 
overall  performance  of  the  cap  remained  lower  than  desired. 

(C)  Analysis  of  the  fuel  grain  geometry  data  gathered  from 
the  six  tests  (motors  10  and  11)  disclosed  that:  (1)  the  basic 
concept  of  using  satellite  ports  to  convert  the  initial  circular 
main  port  to  a  triangular  shape  was  valid,  (2)  prior  to  merging 
with  the  main  ports,  the  fuel  within  the  satellite  ports  was  burn¬ 
ing  without  oxidizer  flow  at  an  average  rate  of  15  mil/sec,  and 
(3)  the  overall  fuel  regression  rate  was  lower  than  anticipated. 

(C)  Burning  of  the  AP-TFTA-loaded  fuel  under  pressure  and 
temperature  caused  the  satellite  ports  to  enlarge  prematurely, 
resulting  in  rapid  enlargement  of  the  corners  of  the  triangular 
cross  section.  This  effect,  coupled  with  a  lower  regression 
rate  along  the  sides  of  the  port,  produced  a  nonuniform  web 
between  ports.  The  web  was  thinner  at  the  center  and  periphery 
of  the  motor  than  at  its  midpoint.  This  nonuniformity  could 
eventually  cause  the  web  to  burn  through  at  its  extremities, 
leaving  the  central  portion  of  the  web  unsupported. 

(C)  In  the  fuel  grains  for  the  next  two  motors  (motors  12  and 
13),  three  different  modifications  to  the  port  configuration  were 
applied  to  compensate  for  the  nonuniform  burning.  Both  motor 
grain  geometries  were  identical  to  eliminate  the  possibility  of 
pressure  and  duty  cycle  variations  from  confusing  data  evaluation. 

c.  Motor  12 

(C)  Motor  12  underwent  a  duty  cycle  test  consisting  of  firings 
for  10  sec  at  full  thrust,  40  sec  at  50 %  thrust,  and  10  sec  at  full 
thrust.  The  motor  was  disassembled,  examined,  and  weighed 
between  firings.  The  primary  functions  of  the  test  series  were 
to  evaluate  grain  geometry  modifications,  to  simulate  a  cycled 
firing,  and  for  further  component  evaluation. 

(C)  During  the  first  firing,  the  aft  injector  and  one  forward 
injector  were  damaged.  Postfire  examination  indicated  that  a 
reaction  between  foreign  matter  within  the  forward  injector  and 
the  oxidizer  resulted  in  internal  damage  to  the  injector.  The 
aft  injector  damage  was  the  result  of  excessive  submergence 
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of  the  aft  injector  within  its  insulator  tube,  a  condition  which 
severely  disrupted  the  oxidizer  spray  pattern.  The  damaged 
injectors  were  replaced  between  firings  and  the  excessive  sub¬ 
mergence  of  the  aft  injector  was  corrected.  No  further  injector 
problems  were  encountered  for  the  remainder  of  the  test  series. 

(C)  All  insulation  within  the  motor  continued  to  exhibit  per¬ 
formance  and  durability  in  excess  of  design  predictions.  A  silica- 
phenolic  nozzle  entrance  cap  was  employed  and  it  exhibited 
excessive  erosion  rates  as  in  the  previous  test  series.  The. 
nozzle  throat,  which  was  a  graphite  cloth/high -char  phenolic 
system,  erodedfrom  2.  000  to  approximately  2.  677  in.  in  diameter. 

(C)  A  principal  objective  of  this  test  series  was  to  evaluate 
modifications  to  the  grain  port  configuration  resulting  from 
analysis  of  data  from  motors  10  and  11.  Three  different  modi¬ 
fications  (see  part  5  in  this  section)  were  made  to  correct  varia¬ 
tions  between  the  predicted  and  actual  burning  profile  of  the  fuel 
port.  Each  modification  was  made  to  two  adjacent  main  ports 
of  the  fuel  grain.  Analysis  of  the  fuel  grain  after  each  firing 
indicated  that  all  modifications  gave  improvements  but  that 
enlargement  of  the  main  ports  coupled  with  reduction  of  the 
satellite  ports  produced  a  burning  profile  more  closely  approach¬ 
ing  the  design  requirement.  This  modification  was  incorporated 
in  motors  14  and  15  for  the  final  demonstration  test  series. 

i 

d.  Motor  13 

(C)  Motor  13  was  fired  for  34  sec  at  full  thrust  to  simulate 
a  90%  duration  full-thrust  test,  to  further  evaluate  grain  geome¬ 
try  modifications,  and  to  evaluate  individual  components. 

(C)  All  components  performed  satisfactorily.  The  nozzle 
entrance  cap,  fabricated  of  carbon-phenolic,  remained  very 
uniform  and  experienced  essentially  zero  erosion  while  the 
graphite -phenolic  throat  eroded  less  than  1  mil/sec. 

(C)  Mcst  of  the  fuel  grain  progression  data  were  obtainedfrom 
motor  12  since  it  had  been  subjected  to  multiple  firings;  how¬ 
ever,  comparison  of  the  final  firing  profiles  of  motors  12  and 
13  revealed  that  essentially  the  same  fuel  regression  pattern 
had  occurred. 
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e.  Motor  14 

(C)  Motor  14  was  intended  to  demonstrate  a  full-thrust,  full- 
duration  firing;  fuel  utilization;  and  component  durability.  Thus, 
the  motor  was  fired  for  40  sec  at  the  boost  level  with  consump¬ 
tion  of  93%  (by  weight)  of  the  solid  fuel. 

(C)  All  components  performed  well  with  the  exception  of  the 
nozzle  thrca  ,  which  achieved  a  10.  5  mils/sec  erosion  rate.  The 
nozzle  entrance  cap  and  throat  sections  were  fabricated  of  mate¬ 
rials  similar  to  those  of  motor  13;  however,  slightly  different 
materials  were  employed  here  to  gain  as  much  material  appli¬ 
cation  data  as  possible.  All  injectors  were  intact,  test  termi¬ 
nation  was  mooth  and  abrupt,  and  what  little  fuel  remained  was 
clean  and  uncharred. 

f.  Motor  15 

(C)  Motor  15  was  scheduled  to  demonstrate  a  duty  cycle  con¬ 
sisting  of  12-sec  boost,  20-sec  coast,  40  sec  at  the  sustain 
thrust  level,  60-sec  coast,  and  12-sec  boost  without  purge 
following  oxidizer  cutoff.  Approximately  2  sec  into  the  duty 
cycle  an  oxidizer  .leak  occurred  at  one  oxidizer  injector  (as  a 
result  of  a  CTF  reaction  at  a  contaminated  fitting),  causing  the 
the  firing  to  be  terminated.  Minor  repairs  were  made  without 
removing  the  motor  from  the  test  stand.  The  duty  cycle  was 
then  performed  less  2  sec  at  the  end  of  the  cycle  (12  -sec  boost, 

20-sec  coast,  40-sec  sustain,  60-sec  coast,  and  10-sec  boost) 
achieving  96%  (residual  to  initial  fuel  weight  ratio  x  100)  fuel 
utilization.  Even  without  purge,  the  fuel  grain  ceased  burning 
promptly  after  each  oxidizer  cutoff  and  demonstrated  the  non¬ 
sustaining  behavior  of  the  fuel.  The  aft  injector  survived  all 
four  starts  but  was  slightly  damaged  near  the  end  of  the  cycle 
due  to  the  loss  of,  a  section  of  the  surrounding  insulation. 

Nozzle  throat  erosion  was  about  7  mils/sec. 

3.  MOTOR  PERFORMANCE  SUMMARY 

(C)  Performance  data  for  the  12  fixed  thrust  and  1  duty-cycled  full-scale 
heavyweight  motor  firings  are  presented  in  table  V.  Because  CIF3  rather 
than  the  CIF5  oxidizer  was  used,  delivered  specific  impulse  is  accordingly 
lower  (about  6%)  than  anticipated  with  CIF5. 

(C)  Several  conclusions  can  be  drawn  by  correlating  specific  test  condi¬ 
tions  with  the  performance  figures  g.  ven  in  the  table.  In  general,  perform¬ 
ance  efficiences  are  relatvely  high  and  consistent.  Tests  which  indicate 
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efficiencies  lower  than  90%  (tests  10-1  and  11-1)  are  those  during  which 
tbe  aft  injectors  were  damaged  and  the  submerged  nozzle  entrance  sections 
were  nearly  consumed. 

(C)  Tests  corducted  at  the  higher  pressure  levels  (900  to  1,000  psia)  and 
at  similar  conditions  deliver  higher  efficiency  levels  than  tests  conducted 
at  the  lower  pressure  levels  (500  psia).  For  example,  test  11-3,  which 
was  conducted  at  approximately  700 psia  delivered  performance  compar¬ 
able  to  tests  10-2  and  10-3  (approximately  500  psia)  even  though  no  aft 
injection  cf  oxidizer  was  used  in  test  11-3. 

(C)  It  is  also  worthwhile  to  compare  test  11-2  and  11-3.  The  approxi¬ 
mate  4.  5%  efficiency  differential  is  accredited  to  the  use  of  aft  injection 
in  test  11-2  as  opposed  to  no  aft  injec'ion  in  test  11-3. 

(C)  It  is  interesting  to  note  the  range  and  magnitude  of  mixture  ratios 
which  were  achieved.  The  delivered  0/  F  ratios  are  typically  higher  than 
the  design  of  2.  5  because  the  fuel  regression  is  lower  than  anticipated. 
The  wide  range  of  ratios  is  due  to  the  variation  in  oxidizer  flowrates,  the 
use  of  three  different  fuel  grain  geometries  (see  part  5  of  this  section), 
the  relative  test  durations  (since  fuel  flow  rate  varies  with  port  growth  and 
port  growth  increases  with  time),  the  pressure  dependency  of  the  fuel 
regression  rate,  and  the  inclusion  of  the  How  contribution  from  the  insula¬ 
tion,  nozzle,  etc.,  as  fuel  flov/. 

(C)  Particularly  low  O/F  ratios  (tests  10-1  and  11-1)  have  been  attri¬ 
buted  to  a  fuel  flow  contribution  from  the  satellite  fuel  ports  "solid  burn¬ 
ing"  (i.e.,  burning  as  a  solid  fuel).  Before  exposure  to  the  oxidizer,  the 
satellite  ports  regress  at  a  rate  of  approximately  0.015  in. /sec.  Thus, 
while  the  first  25%  of  the  grain  is  being  consumed,  the  satellite  ports  con¬ 
tribute  fuel  flow  to  supplement  that  of  the  primary  ports  which  are  func¬ 
tioning  as  a  hybrid  fuel.  Tests  10-1  and  11 -l  represent  this  initial  period 
and  accordingly  reflect  reduced  mixture  ratio  levels.  Test  12-1  also 
represents  the  same  initial  period  but  with  a  modified  fuel  grain  geometry 
in  which  the  satellite  port  effects  were  lessened  by  reduction  or  elimination 
of  the  satellite  burning  surfaces.  Later  tests  with  the  same  fuel  grain 
(test  12-2  and  12-3)  indicate  an  O/F  ratio  increase  in  accordance  with  the 
above  theory. 

(U)  ThehighO/F  (4.9b)  of  test  12-3  is  due  to  a  combination  of  effects. 
Nozzle  erosion  caused  the  pressure  to  drop;  since  the  fuel  regression 
rate  is  pressure  sensitive,  the  regression  rate,  and  hence,  the  fuel  flow 
rate,  dropped  accordingly. 
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4.  COMPONENT  EVALUATION 

(U)  Forward  and  ait  oxidizer  injectors,  insulation  for  five  different  appli¬ 
cations,  and  an  exhaust  nozzle  have  been  developed  and  successfully  demon-* 
strated.  All  components  were  subjected  to  repetitive  thermal  cycling 
through  multiple  engine  starts,  extensive  durations  in  the  combustion 
atmosphere,  and  a  variety  of  test  conditions.  A  summary  of  the  individual 
component  histories  follows. 

a.  Forward  Injectors 

(C)  Six  dual -manifold,  fixed-area  poppet  injectors  were  used 

to  deliver  two  oxidizer  flow  levels  to  the  forward  end  of  the  TCA. 

A  discussion  of  the  injector  design  has  been  presented  in  sec¬ 
tion  111  of  this  report. 

(C)  Testing  of  the  injector s  reveaied  several  associated  prob¬ 
lem  areas.  The  first  difficulty  consisted  of  extensive  oxidizer 
leakage  at  the  joint  between  the  oxidizer  manifolding  and  thefor- 
ward  injectors  (refer  to  figure  10).  The  leakage  was  associated 
with  the  Teflon  O-ringsused  to  seal  liquid  CIF3  from  the  atmos  - 
phere.  During  the  first  two  tests  approximately  70%  of  the 
O-rings  were  consumed,  giving  the  oxidizer  a  free  path  to  the 
atmosphere.  Posttest  inspection  of  the  injectors  indicated  that 
the  O-ring  sealing  surface  had  been  gouged  during  a  drilling 
operation.  Therefore,  the  oxidizer  leaked  past  and  consumed 
the  Teflon  O-ring.  The  injectors  were  resurfaced  prior  to 
further  testing. 

(C)  Later  tests  still  incurred  random  O-ring  failures;  how¬ 
ever,  the  loss  rate  was  only  about  5%  and  has  been  attributed 
to  contamination  of  the  O-ring  during  assembly.  While  the 
resulting  oxidizer  leak  was  insignificant  in  terms  of  decreasing 
the  oxidizer  flow  to  the  motor,  the  high  reactivity  of  the  CIF3 
makes  it  hazardous  to  instrumentation  in  the  vicinity  of  the  leak. 
Elimination  of  this  leakage  can  be  achieved  through  the  use  of 
metal  O-rings  (aluminum  or  copper)  or  the  use  of  joints  designed 
to  be  self-sealing  (AN  type  or  tapered  seat). 

(C)  Figure  14  compares  six  severely  damaged  injectors  to  a 
new  one.  The  injectors  were  damaged  during  the  program's 
first  10-sec,  l,0p0  psia  firing.  Similar  damage  occurred  in 
the  first  14-sec,  .500  psia  firing  of  a  second  motor.  The  injec¬ 
tor  damage  was  caused  by  an  annular  clearance  (0.  030  in.  ) 
between  the  injector  body  and  the  forward  insulation  (figure  1 1 5) . 
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(U)  Damaged  Forward  Injectors 
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figure  15.  (U)  Injector  Fit  in  Forward  Insulation 
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The  clearance,  which  was  the  result  of  a  tolerance  buildup  in 
the  design,  allowed  hot  gases  to  circulate  around  and  burn 
through  the  injector  body.  The  damaged  injector  permitted 
CIF3  to  further  consume  the  paper -phenolic  forward  insulation 
(see  figure)  16).  The  forward  insulation  was  remachined,  the 
eroded  sections  replaced  with  5 -in. -diameter  inserts  of  silica 
and  graphite -phenolic,  and  the  inserts  drilled  and  reamed  to 
snuggly  fit  each  injector,  thereby  eliminating  the  annular  clear¬ 
ance.  Subsequent  injector  damage  of  this  type  did  not  recur. 
Later  insulations  used  2-in, -diameter  inserts  (figure  17)  of 
silica-phenolic  (Fiberite  MX  2625)  with  equal  success;  the  point 
being  that  the  problem  was  not  one  of  a  material  application 
since  in  this  instance  the  paper-phenolic  was  also  exposed  to 
the  combustion  environment  and  performed  as  well  as  the  silica. 

(C)  On  two  occash.;;-.  iVe  periphery  of  the  injector  poppet 
head  was  partially  eroded.  This  erosion  has  been  attributed 
to  oxidizer  reaction  with  foreign  matter  lodged  in  the  poppet 
seat.  After  many  firings  the  aluminum  poppet  and/or  the 
injector  body  occasionally  became  slightly  warped  due  to 
repeated  thermal  cycling.  When  warped,  the  poppet  will  not 
seat  properly  and. may  allow  particles  and/o  •  gases  to  back 
up  into  the  injector  after  termination  of  the  oxidizer  flow. 

When  the  flow  is  reinitiated,  a  reaction  will  occur. 

(C)  Approximately  four  sets  of  forward  injectors  were  used 
to  accomplish  13  firings.  Refurbishment  (straightening,  clean¬ 
ing,  and  recalibration)  of  the  injectors  was  necessary  only  once, 
indicating  the  degree  of  injector  durability  which  has  been  achieved. 

b.  Aft  Injector 

(C)  A  single  centrally  located  poppet  type  aft  injector  (refer 
to  figure  10)  delivered  supplementary  oxidizer  flow  to  the  aft 
plenum  section  of  the  TCA  to  achieve  the  desired  mixture  ratio. 
This  injector,  incorporating  an  aluminum  body  and  a  copper 
poppet  valve,  has  survived  four  consecutive  engine  starts 
encompassing  two  pressure  and  flow  levels.  1.  design  discus¬ 
sion  of  this  type  Qf  injector  is  presented  in  section  III  oi  this 
report. 

(C)  Both  of  the  initial  500  and  1, 000  psia  level  firings  resulted 
in  erosion  of  the  poppet  periphery  almost  to  the  poppet  seat  as 
3hown  in  figure  18.  This  erosion  had  the  effect  of  disrupting  the 
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Figure  Id.  (U)  Damuyud  F.jrwa  rd  Insulation  After  Test  1  1  ••  1 
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uniform  120°  oxidizer  spray  pattern  which  in  turn  caused  a 
reduction  in  combustion  efficiency.  The  damaged  poppet  valves , 
which  were  fabricated  of  hard -anodized  6061-T6  aluminum, 
were  then  replaced  with  oxygen-free,  high-conductivity  copper 
poppet  valves.  Copper  has  the  advantage  of  a  higher  melt  tem¬ 
perature  than  the  aluminum,  and  a  lower  operating  temperature 
due  to  its  higher  thermal  conductivity. 

(C)  Table  VI  presents  the  test  history  of  the  aft  injectors. 
After  substitution  of  copper  for  aluminum  poppet  valves,  marked 
success  can  be  seen.  Aft  injectors  were  successfully  fired  and 
refired  without  damage  at  the  500  psia  level  (tests  10-2  and  10-3), 
fired  at  the  500  psia  level  and  refired  at  1,000  psia  (tests  12-2 
and  12-3),  tested  for  long  durations  at  1,000  psia  (test  14,  fig¬ 
ure  19),  and  subjected  to  multiple  starts  encompassing  combina¬ 
tions  of  both  pressure  and  flow  levels.  * 

c.  Nozzles 

(C)  Two  nozzle  configurations  were  used  in  the  full-scale 
heavyweight  motor  testing  of  the  program;  both  utilized  sub¬ 
merged  entrance  sections  and  ablative  throats.  The  geom¬ 
etries  are  illustrated  in  figure  .20  and  differ  primarily  in  that 
design  A  employs  an  integral  throat  and  exit  section  while 
design  B  uses  separate  throat  and  exit  sections,  thereby  allow¬ 
ing  different  materials  to  be  used  for  each  application. 

(C)  Five  entrance  cap  materials,  four  throat  materials,  and 
two  exit  cone  materials  were  tested  in  six  nozzle  assemblies. 
Results  of  these  tests  and  the  relative  test  conditions  are  shown 
in  table  VII.  Erosion  rates  for  the  cap  and  throat  materials 
are  also  given.  Material  descriptions  are  presented  in  table  VIII. 

(C)  Prior  to  fabrication  of  the  first  nozzles,  short-fiber 
magnesia -phenolic  (WBC  5217)  was  substituted  for  nylon- 
phenolic  as  the  entrance  cap.  Magnesia-phenolic  had  shown 
possession  of  ablative  and  thermal  properties  similar  to  nylon- 
phenolic  but  with  improved  physical  properties.  (^)  Subsequent 
tests  with  this  material  demonstrated  erosion  rates  of  approxi¬ 
mately  30  mil/sec;  an  excessive  rate  for  this  application. 
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Figure  19.  (U)  Aft  Injector  of  Motor  14  (Postfire) 
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Figure  20,  (U)  Full-Scale  Nozzle  Configurations 
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Silica-phenolic  was  then  selected  to  replace  the  magnesia  caps. 
Tests  with  this  material  indicated  a  slightly  improved  erosion 
rate  (20  to  25  mil/sec,  figure  21,  motor  J  ’).  Later  tests 
employed  caps  of  carbon  silica -phenolic  and  carbon-phenolic 
materials.  The  carbon-silica  cap  (V/BC  8251)  eroded  at  rates 
between  1  to  8  mil/sec  but  was  not  uniform  (figure  21 ,  motor  14). 
Both  carbon-phenolics,  WBC  8204  and  WBC  8217  (figure  21, 
motors  13  and  15,  respectively)  experienced  essentially  zero 
erosion  when  submitted  to  relatively  rigorous  duty  cycles. 
However,  the  8217  material  did  exhibit  severe  grooving  and 
undercutting  of  the  plys ,  probably  due  to  effluxing  of  the  resin 
products  when  subjected  to  such  a  rigorous  duty  cycle  (as  indi¬ 
cated  in  table  VII).  The  WBC  8204  material  produced  a  smooth 
and  even  surface.  The  shutdown  characteristics  of  the  fuel  grain 
did  not  appear  to  be  impaired  by  the  use  of  these  heat  storing 
materials. 

(C)  The  first  three  nozzles  used  were  fabricated  to  design  A 
(see  figure  20),  using  an  integral  throat  and  exit  section  fabri¬ 
cated  of  WBC  8207.  The  first  short  duration  firings  with  this 
material  resulted  in  a  reduction  in  the  throat  diameter  which 
was  caused  by  expansion  of  the  material.  Subsequent  tests 
with  the  same  nozzles  revealed  throat  erosion  rates  ranging 
from  approximately  2  to  19  mil/sec  depending  upon  the  severity 
of  the  test  and  the  number  of  starts  the  nozzle  had  experienced. 

It  is  interesting  to  note  that  although  the  nozzle  of  motor  10  was 
exposed  to  almost  double  the  test  duration  of  the  nozzle  of 
motor  11  (table  VII),  the  erosion  rates  of  motor  10  are  the 
lesser.  This  is  due  to  an  approximate  doubling  of  flows  and 
pressures  from  motor  10  to  motor  11. 

(C)  The  final  three  nozzle  assemblies  were  fabricated  to 
design  B.  Three  graphite -phenolics  were  used  for  the  throat 
sections,  each  differing  in  the  type  of  resin  sv.-.tem  employed 
(table  VII).  Of  all  four  nozzle  materials  tested,  WBC  8268 
demonstrated  the  best  erosion  resistance.  This  material  was 
tested  at  approximately  1,  000  psia  lor  34  sec  and  eroded  at 
less  than  1  mil/sec.  The  other  graphitc-phenolics,  W'BCS249 
and  WBC  8269,  delivered  rates  of  7  to  10  and  6  to  7  mil/sec, 
respectively,  and  became  somewhat  elliptical. 

(C)  WBC  G207  and  WBC  8217  performed  well  in  the  exit  sec¬ 
tion.  As  can  be  seen  irom  figure  21,  char  depths  of  the  throat 
and  exit  sections  were  not  sufficient  to  affect  the  silica  backup 
material. 
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Figure  h.  (U)  Nozzle  Sections 
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d.  Insulation 

(C)  The  insulation  requirements  can  be  subdivided  into  two  cate  - 
gories:  those  applications  which  were  subjected  to  the  combustion 
environment,  and  those  which  were  not  (  refer  to  figure  10  for  iden¬ 
tification}.  The  forward  closure  insulation,  the  insulation  tube 
surrounding  the  aft  injector,  and  the  sleeve  into  which  the  fuel 
grain  was  cast  were  not  intended  to  see  the  combustion  environ¬ 
ment  and  were  therefore  fabricatedof  paper -phenolic,  a  readily 
available  and  inexpensive  material.  The  aft  grain  insulation  and 
the  aft  closure  insulation  (which  were  exposed  to  combustion) 
were  fabricated  of  an  ablative,  low-char  material,  nylon-phenolic, 
to  minimize  heat  feedback  to  the  fuel  grain. 

(1)  Forward  Closure  Insulation 

(C)  As  previously  mentioned  in  part  a.  of  this  sec¬ 
tion,  an  annular  clearance  between  the  forward  insu¬ 
lation  and  the  injector  body  (illustrated  in  figure  15) 
allowed  hot  gases  to  circulate  around  and  burn  through 
the  injector  bodies.  Oxidizer  from  the  damaged  injec¬ 
tors  then  consumed  portions  of  the  insulation(figure  16) 
in  the  vicinity  of  the  injectors. 

(C)  The  damaged  portions  of  the  insulation  were 
machined  away  and  5-in. -diameter  inserts  of  carbon- 
phenolic  (WbC  8217)  and  silica-phenolic  (WBC  2233) 
installed.  The  method  of  motor  assembly  was  modi¬ 
fied  to  provide  a  close  tolerance  fit  between  the  injec¬ 
tors  and  the  insulation  insert.  This  modification 
consisted  of  drilling  and  reaming  the  inserts  to  snuggly 
fit  the  injectors  after  the  motor  was  assembled,  thereby 
eliminating  the  annulus.  Damage  of  this  nature  did  not 
recur  in  subsequent  testing. 

(U)  Later  insulation  pieces  were  fitted  with  2-in.  - 
diameter  inserts  of  silica-phenolic  (  Fiberite  — MX  2625) 
as  shown  in  figure  17.  As  the  grain  was  consumed, 
paper -phenolic  exposed  to  the  combustion  environ¬ 
ment  performed  as  well  as  the  silica  inserts,  indi¬ 
cating  that  the  problem  was  not  one  of  material 
incompatibility. 
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(2)  Aft  Injector  Insulation 

(C)  A  2-in. -diameter  cylinder  of  paper -phenolic 
was  used  to  protect  the  aft  injector  located  in  the 
center  of  the  fuel  grain.  Early  in  the  testing  it 
became  evident  that  the  end  of  the  insulating  tube 
exposed  to  the  combustion  gases  was  being  partially 
consumed,  exposing  the  injector  body.  During  the 
next  tests  (conducted  with  motors  12  and  13),  the 
ends  of  the  tubes  were  replaced  with  2-in.  sections 
fabricated  of  carbon-phenolic  (WBC  8217).  During 
assembly  zinc  chromate  putty  was  packed  between 
the  injector  body  and  the  2-in.  section  to  prevent 
gas  circulation  between  the  components.  These 
m  difications  performed  very  well  and  gave  ample 
protection  to  the  injector. 

(U)  Because  of  material  availability,  later  tests 
(conducted  with  motors  14  and  15)  employed  sections 
of  silica-phenolic  for  the  same  application.  The 
silica  sections  did  not  withstand  the  conditions  as 
well  as  the  carbon  material  and  were  partially 
consumed. 

(C)  Judging  from  the  overall  results,  it  is  evident 
that  the  full  length  of  the  insulating  tube  should  be 
fabricated  of  carbon -phenolic  for  the  best  protec¬ 
tion,  but  the  thickness  of  the  insulation  can  be  con¬ 
siderably  reduced  (at  least  50%).  Allowance  should 
also  be  made  for  packing  a  sealant  (zinc  chromate 
putty  has  performed  very  well)  around  the  injector 
to  prevent  gas  circulation. 

(3)  Case  Insulation 

(U)  The  fuel  grain  was  cast  into  a  1 /4 -in. -thick 
paper -phenolic  sleeve  providing  an  easily  removable 
cartridge  for  convenience  in  disassembly.  The 
sleeve  also  protected  the  steel  motor  case  when  the 
fuel  was  depleted.  Paper -phenolic  functioned  sat¬ 
isfactorily  in  this  application. 

(U)  This  insulation  component  would  not  be  used 
in  a  lightweight  system.  However,  local  applica¬ 
tion  of  high  erosion-resistant  insulation  (asbestos - 
loaded  epoxy  was  used  during  the  final  test  series) 
might  be  needed  to  protect  the  case  wall  against 
injector  effects. 
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(4)  Al't  Grain  Insulation 

(C)  The  purpose  of  the  aft  grain  insulation  is  to 
inhibit  end  burning  of  the  solid  fuel  grain  during 
motor  operation  and  to  protect  the  grain  from 
radiated  heat  during  shutdown.  Nylon-phenolic 
was  selected  for  this  application  because  of  its  low 
heat  retention  and  favorable  ablative  characteristics. 

(U)  The  nylon-phenolic  material  (WBC  2208), 
fabricated  with  1/2-in.  by  1/2-in.  chopped  nylon 
squares  and  a  standard  phenolic  resin,  maintains 
a  uniform,  clean  surface  with  very  little  char. 
Figure  22  illustrates  a  typical  posttest  profile  of 
the  nylon  aft  grain  insulation.  The  regression 
rates  shown  are  repres entativ e  of  the  tests  of  this 
program  and  are  consistent  with  rates  achieved 
during  other  programs  (NAS  7-31 1  and  NAS  7-475).^ 

(C)  During  the  first  tests  with  motors  10  and  11, 
the  perforations  in  the  aft  grain  insulation  opened  at 
a  lesser  rate  than  the  fuel  ports  ( shown  in  figures  23 
and  24).  If  this  were  allowed  to  continue,  as  the  fuel 
was  expended,  the  insulation  would  present  more  of 
an  obstruction  to  the  flow,  become  less  supported, 
and  may  eventually  break  up,  possibly  plugging  the 
nozzle.  Prior  to  the  second  firings  of  motors  10 
and  11,  the,  perforations  in  the  insulation  were 
opened  to  match  the  grain.  Posttest  inspection 
again  indicated  a  very  slight  opening  of  the  perfora¬ 
tions  as  compared  to  the  fuel  grain  perforations. 
The  alt  grain  insulation  was  omitted  from  the  final 
firings  of  motors  10  and  1 1  with  no  apparent  adverse 
effects. 

(C)  The  thieknes  s  of  the  insulation  used  in  motor  s  12 
and  13  was  decreased  from  0.  75-in.  to  0,  40-in.  to 
assist  the  regression  of  the  perforations.  Posttest 
inspection  revealed  that  reduction  of  the  insulation 
thickness  did  not  aid  the  desired  regression.  At 
this  time  it  was  evident  that  degradation  of  the  fuel 
grain  due  to  internal  heat  radiation  at  shutdown  was 
not  a  problem.  Therefore,  a  1/4-in, -thick  section 
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MOTOR  *11 

DURATION:  9.75  •  9.81  we 
BOOST  THRUST  LEVEL  (1 ,000  psia) 
MATERIAL:  NYLON  PHENOLIC  WBC  2208 
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Figure  22.  (U)  Aft  Grain  Insulation  ~  Postfire  Profile 
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Figure  ~4.  (Lf)  Alt  End  of  Grain 
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of  asbestos-loaded  epoxy  was  cast  in  place  of  the 
aft  grain  insulation  of  the  final  two  motors.  Unfor¬ 
tunately,  essentially  all  of  the  fuel  grain  was  con¬ 
sumed  in  testing  of  these  motors  as  well  as  the 
epoxy  aft  grain  insulation.  Therefore,  no  observa¬ 
tions  of  the  insulation  performance  could  be  made. 

(5)  Aft  Closure  Insulation 

(U)  The  function  of  the  aft  closure  insulation  is  to 
protect  the  aft  closure  from  the  severe  combustion 
environment.  Nylon-phenolic  was  also  selected  for 
this  application  because  of  its  low  heat  retention  and 
favorable  ablative  characteristics.  In  addition  to 
retaining  little  heat,  a  highly  ablative  material  has 
the  additional  advantage  of  providing  film  cooling 
for  the  nozzle  when  used  in  this  application. 

(U)  The  nylon-phenolic  employed,  WBC  2208,  was 
of  the  same  chopped  square  form  asthatused  for  the 
aft  grain  insulation,  part  (4;  of  this  section.  Testing 
has  shown  the  material  to  ablate  uniformly  and  at  a 
moderate  rate  well  within  the  design  limit.  Figure  25 
is  a  representative  profile  taken  after  a  typical  duty 
cycle.  The  material  does  not  appear  to  be  influenced 
by  repeated,  thermal  cycling  (start,  stop,  heat  soak, 
etc.).  Nylon-phenolic  performed  very  well  in  tl  is 
application  and,  as  can  be  seen  from  the  postfire 
profile,  was  somewhat  overdesigned. 

5.  FULL-SCALE  GRAIN  GEOMETRY 

(C)  The  grain  geometry  of  motors  10  and  11,  illustrated  in  figure  3,  has 
been  discussed  previously  in  section  III  of  this  repor:..  The  1 8-in. -diameter 
geometry  uses  six  1.  2-in. -diameter  active  fuel  ports  into  which  oxidizer  is 
sprayed.  Each  active  port  has  seven  0.  b-in^ -diameter  inactive  "satellite" 
ports  clustered  about  it  which  are  not  intended  to  burn  until  the  web  between 
each  inactive  port  and  active  port  ..s  consumed.  The  successive  burning  of 
inactive  ports  is  intended  to  result  in  an  essentially  constant  fuel  flow  rate 
when  used  with  the  HFX  7808  fuel.  Predicted  regression  profiles  are  also 
shown  in  figure  3,  illustrating  the  expected  geometry  change  from  a  circular 
to  a  near  triangular  geometry. 
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(C)  Motors  10  and  11  were  subjected  to  multiple  firings  at  the  sustain 
and  boost  thrust  levels,  respectively,  to  observe  the  port  geometry  pro¬ 
gression  with  each  successive  test.  Following  each  test,  the  fuel  port 
profile  was  recorded  for  comparison  with  the  predicted  profile.  Early  in 
the  series  it  became  evident  that  significant  variation  between  the  pre¬ 
dicted  and  actual  burning  fuel  port  profile  was  occurring.  The  discrepancy 
was  most  evident  as  a  nonuniform  web  between  the  ports. 

(C)  Figure  26  illustrates  the  fuel  port  profiles  of  motor  11  after  each  of 
three  successive  10-sec,  1,000  psia  firings.  This  illustration  shows  the 
web  between  adjacent  ports  to  be  very  thick  in  the  center,  yet  nearly  con¬ 
verging  with  the  adjacent  ports  near  the  corners.  Study  of  these  profiles 
and  those  taken  from  the  three  sustain  level  tests  (motor  10)  disclosed  that 
(l)  the  overall  fuel  regression  rate  was  lower  than  anticipated,  (2)  prior  to 
merging  with  the  main  ports,  the  fuel  within  the  satellite  ports  was  burning 
without  oxidizer  at  an  average  rate  of  15  mil/sec,  and  (5)  the  concept  of 
using  satellite  ports  to  convert  an  initially  circular  main  port  to  a  near 
triangular  shape  appeared  to  be  valid. 

(C)  The  burning  of  the  AP-TFTA-loaded  fuel  under  pres  sure  and  tempera¬ 
ture  caused  the  satellite  ports  to  enlarge  prematurely,  resulting  in  a  more 
rapid  enlargement  in  the  corners  of  the  triangular  cross  section.  This  effect, 
coupled  with  a  lower  regression  rate  along  the  sides  of  the  port,  produced 
the  nonuniform  web  between  ports.  This  nonuniformity  could  eventually 
cause  the  web  to  burn  through  at  its  extremities,  leaving  the  central  por¬ 
tion  of  the  web  unsupported. 

(C)  In  the  fuel  grains  for  the  next  two  motors  (motor s  12andl3),  three  differ¬ 
ent  modifications  to  the  port  configuration  were  applied  to  compensate  for 
the  nonuniform  burning.  Since  the  basic  grain  geometry  employs  six  active 
ports,  all  three  approaches  were  tested  in  each  grain  (one  modification 
applied  to  two  adjacent  ports)  to  determine  an  optimum  solution.  Both  motor 
grain  geometries  were  identical  to  eliminate  the  possibility  of  pressure  and 
duty  cycle  variations  from  confusing  data  evaluation. 

(C)  Figure  27  illustrates  the  application  of  the  modifications.  In  two  grain 
sectors  (segment  A)  the  geometry  was  unchanged,  but  the  satellite  port  sur¬ 
faces  were  inhibited  to  prevent  premature  burning  bv coating  the  port  sur¬ 
faces  with  an  inert  compound  (essentially  composed  of  the  fuel  binder).  In 
two  additional  sectors  (segment  B)  the  central  port  diameter s  were  enlarged 
to  1.  8  in.  and  the  three  outermost  satellite  ports  eliminated  to  compensate 
for  the  satellite  burning.  In  the  last  two  sectors  (segment  C)  the  central 
port  diameters  were  enlarged  to  i.  8  in.  and  the  outside  satellite  port  diam¬ 
eters  reduced  in  diameter  to  account  for  the  premature  burning. 
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Figure  26.  (U)  Actual  Port  Profile  of  Motor  11 
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Figure  27.  (U)  Grain  Geometry  of  Motors  12  and  13 
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(C)  Figure  28  illustrates  the  profiles  of  motor  12  after  each  of  three  con¬ 
secutive  firings  (10  see  at  1,000  psia,  40  sec  at  500  psia,  and  10  sec  at 
l,000psia).  Analyses  of  these  profiles  and  the  profile  from  motor  13(34  sec 
at  1,000  psia)  indicated  that  all  modifications  gave  improvements  but  that 
the  enlargement  of  the  main  ports,  coupled  with  reduction  of  the  satellite  ports 
(segment  C,  figure  28),  produced  a  burning  profile  most  closely  approaching 
the  design  requirement.  . 

(C)  Several  additional  conclusions  were  drawn  from  figure  28.  Coating  the 
satellite  ports  with  a  thin  layer  of  a  binder  type  material  was  only  slightly 
effective  in  inhibiting  the  satellite  ports  from  burning  (compare  segment  A  of 
figure  28  with  figure  26).  The  effectiveness  of  this  correction  could  be 
improved  by  applying  a  thicker  coating  and/or  using  a  more  effective  compound; 
however,  such  a  means  of  cor  rcction  is  undesirable  in  an  end  product.  Coat¬ 
ing  the  port  adds  additional  procedures,  complexity,  and  weight  to  the  system. 
Enlarging  the  main  ports  and  eliminating  the  three  outermost  satellite  ports 
(segment  G,  figure  28)  produced  a  more  uniform  web  but  also  considerably 
increased  the  fuel  sliver  at  the  extremities  of  the  web.  Enlarging  the  main 
ports  and  reducing  the  outermost  satellite  ports  proved  to  be  an  effective  means 
of  accounting  for  the  burning  of  the  satellite  ports.  Figure  28  (segment  C)  indi¬ 
cates  the  remaining  web  to  be  uniform  and  supported  at  the  wall.  This  modifi¬ 
cation  was  incorporated  in  motor  s  14  an  d  15  (as  shown  in  figure  29)  for  the  final 
demonstration  test  series.  Motor  14  was  test  fired  for  40  sec  at  the  boost 
thrust,  level  consuming  93% (by  weight)  of  the  solid  fuel.  Motor  15  was  sub¬ 
jected  to  a  rigorous  duty  cycle  as  previously  indicated  and  demonstrated 
96 %  fuel  utilization.  Figure  30  illustrates  the  residual  fuel  of  motor  15. 

6.  FUEL  BALLISTICS  ANALYSIS 

(C)  Data  analyses  from  1 1  full-scale  fixed-thrust  test  firings  have  shown  that 
the  HFX  7808  fuel  regres  sion  rate  can  be  adequately  expressed  by  the  function, 
r-aG0n  Pcm,  where  a,  n,  and  m  are  constants  characteristic  of  the  system, 
Go  is  the  oxidizer  mass  flux,  and  Pc  represents  the  chamber  pressure.  The 
equation  employed  in  the  determination  of  the  fuel  grain  dimensions  and  the 
oxidizer  flow  schedule  was  of  the  form  r  =  0. 5  G0a5 (Pc/1 ,000)0,1 .  This  assumed 
relationship  was  based  on  prior  experience  with  similar  four-component  fuel 
systems  and  assumes  no  oxidizer  dependency  (i.e. ,  ClF j  versus  CIF5  will  have 
no  influence  on  regression  rate,  performance,  etc.  This  has  been  ve  rified  by  a 
multitude  of  experimental  data  with  various  oxidizers  and  fuels). 

(C)  Recent  tests  have  resulted  in  a  revised  equation  of  the  form,  r  -0.13  Go0'5 
Pc/i ,  OOO)0,1  which  reflects  lower  regression  and  fuel  flow  rates.  As  a  conse¬ 
quence  of  these  lower  rates,  the  fuel  surface  area  must  be  increased  to  achieve 
an  optimum  O/F.  This  may  be  accomplished  by  lengthening  the  fuel  grain  or 
changing  the  grain  shape.  Since  the  motor  hardware  was  fabrica.ted  and  modi¬ 
fication  would  have  required  more  time  than  available,  these  changes  cculdnot 
be  accomplished  during  this  program. 
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igure  30.  (U)  Posttest  Internal  Grain  of  Motor  15 
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(U)  The  derived  regression  relation  is  based  upon  delivered  fuel  flow  rates. 
The  experimental  fuel  flow  rate  (wf)  is  an  average  determined  by  weighing 
the  fuel  grain  before  and  after  firing  and  dividing  the  fuel  weight  loss  by  the 
test  duration.  Insulation  and  other  consumable  component  weight  losses  were 
separated  for  purposes  of  this  analysis.  Because  fixed-thrust  firing  data  are 
much  more  accurate  than  data  obtained  from  varied  thrust  firings,  only  the 
fixed-thrust  firing  data  were  used  in  the  analyses. 

a.  Procedure 

(U)  Fuel  flow  rate  can  be  expressed  by  the  empirical  relationship 


where  Pf,  Lc>  a,  ^wOXHjn.  and  ^./l.OOoj”1 

are  constant  for  a  fixed-thrust  test  and  P^/(Ap)n  is  a  time 
dependent  characteristic  of  the  grain  geometry. 


(U)  For  systems  where  radiation  is  minor,  n  has  been  experi¬ 
mentally  found  to  be  approximately  0.5.  The  parameter  P^/  V  Ap 
then  varies  as  shown  in  figure  31  for  the  initial  multiport  grain 
design  where  no  satellite  port  "solid  burning"  was  assumed.  An 
average  value  of  Pb /  V ■S-p  can  be  determined  from  th-s  figure  and 
the  parameters  pf,  Lq,  and  ^P'b/ V-^'pJavg  then  expressed  as  a 
constant,  K.  The  fuel  flow  rate  equation  now  reads 


or  rearranging, 


(13) 

(14) 
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(U)  The  expression  wf/(K^wox^  j  can  be  determined  from 
specific  test  data  and  plotted  versus  the  appropriate  {Pc / 1 ,000) 
on  logarithmic  scale.  The  plot  represents  equation  14  expressed 
in  logarithmic  terms. 


Ln 


w 


f 


Ki/^ 


Ln  r 


=  Ln  a  +  m  Ln 


(15) 


where  a  is  the  intercept  at  (Pc/l,0Q0)  =  1.0  and  m  is  the  slope 
of  the  curve. 


(C)  Such  an  analysis  was  conducted  using  the  experimental 
data  of  this  program.  From  the  resultant  plot  illustrated  in 
figure  32,  a  and  m  have  been  determined  to  be  approximately 
0.  13  and  0.  1,  respectively. 

(C)  Variables  which  were  primarily  responsible  lor  the 
scatter  of  the  data  points  are  as  follows: 

A.  Three  different  fuel  grain  geometries  were  used 
which  employed  various  fuel  port  diameters. 

Since  fuel  flow  rate  is  a  function  of  the  grain 
geometry  (Ap  and  P^),  each  change  will  be 
accordingly  reflected.  Six  data  points  were 
takenusing  the  initial  grain  geometry  (previous 
section),  four  points  were  taken  using  a  geom¬ 
etry  which  incorporated  three  modifications, 
and  one  data  point  was  taken  using  the  final 
configuration. 

B.  An  average  P^/  ]/Ap  was  used,  whereas  the 
expression  is  predicted  to  vary  similar  to 
figure  31.  The  P^/  ^Ap  profile  will  also 
change  with  each  new  geometry. 

C.  An  average  fuel  flow  rate  was  used;  fuel  flow 
is  predicted  to  vary  similar  to  the  P^/  V's 
expression  and  is  also  influenced  by  changes 
in  chamber  pressure  which  occur  during  the 
test. 
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(Pc/1,000),  PSIA 


Figure  32.  (U)  Determination  of  a  and  m 

D.  "Solid  burning"  of  the  satellite  ports  contribu¬ 
ted  fuel  flow  to  supplement  that  of  the  main 
ports  prior  to  exposure  of  the  satellite  ports 
to  the  main  port.  Therefore,  fuel  flow  was 
higher  during  the  initial  burning  of  the  fuel 
grain. 

E.  Injector  effects,  although  slight,  caused  local 
areas  of  abnormal  fue.1  regression  during 
several  tests , 


(U)  An  effort  was  made  to  verify  the  derived  equation  using 
existing  hybrid  ballistics  computer  programs  in  combination 
with  the  experimental  data.  However  ,  due  to  the  complexity 
of  the  problem  and  the  vast  number  of  variables,  such  an 
analysis  was  beyond  the  program  scope. 
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APPENDIX  I 

THRUST  CHAMBER  ASSEMBLY  (INTERNAL  SIZING) 

(C)  As  specified  in  the  contract,  the  TCA  is  to  be  suitable  for  eventual 
application  to  a  900  lb  "round -of- ammunition"  type  propulsion  system 
having  the  following  characteristics: 

A.  Capable  of  boost-coast-sustain-coast-boost  or  sustain 
(total  of  three  starts) 

B.  Boost  thrust  of  5, 000  lb  with  the  flexibility  to  deliver  60% 
to  100%  of  the  system  total  impulse  during  boost 

C.  Sustain  thrust  of  2,500  lb  with  the  flexibility  to  deliver  0% 
to  50%  of  the  system  total  impulse  during  sustain 

D.  System  total  impulse  of  approximately  200,000  lb- sec. 

In  addition,  data  from  systems  studies  at  UTC  and  elsewhere  have  indicated 
the  following  parameters  for  the  propulsion  unit: 

Boost  chamber  pressure  =  1,000  psia 

Area  ratio  =  8.0:1 

Motor  diameter  =  18  in.  (desired) 

(U)  The  design  calculations  which  were  used  to  size  the  preliminary 
TCA  and  the  assumptions  made  follow. 

1.  PROPELLANT  SYSTEM  DATA 

(C)  The  selected  propeilant  system  consisted  of  TFTA/AP/B/PBD-TDI 
(30/30/5/35)  fuel  oxidized  withClF5-  This  propellant  system  has  a  theo¬ 
retical  specific  impulse  oi  2«4  sec  at  the  design  mixture  ratio  of  2.  0. 

(C)  The  theoretical  density  of  the  selected  fuel  is  calculated  from  the 
known  ingredient  densities  as  follows 

100  _  30  30  J>_  35 

pf  PTFTA  pAP  PB  pPBD-TDI 
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where  the  ingredient  densities  are 


TFTA 

AF 

B 

PBD-TDJ 


1.  30  g/cc 
1.96  g/cc 
2. 33  g/cc 
1. 00  g/cc 


(C)  This  calculation  results  in  a  theoretical  fuel  density  of  1. 321  g/cc 
or  0.  9478  lb/in.1  However,  theoretical  fuel  densities  are  rarely  achieved 
as  the  result  of  small  voids  which  remain  between  the  ingredient  particles 
during  processing.  For  this  purpose,  a  conservative  fuel  tensity  efficiency 
value  of  95%  has  been  assumed.  This  yields  an  actual  density  of  0.0454  lb/in.3 


(C)  The  oxidizer  density  used  in  the  calculations  corresponds  to  77 aF 
and  has  a  value  of  1. 78  g/cc  or  0.  0643  lb/in3 


(C)  The  sea-level  delivered  specific  impulse  values  used  in  the  calcula¬ 
tions  were  based  on  a  94%  efficiency.  The  values  are  276  sec  for  the  boost 
phase  and  267  sec  for  the  sustain  phase  with  an  area  ratio  of  8.  0:1. 

2.  FLOW  RATE  CALCULATIONS 


(U)  Calculations  to  determine  the  fuel  flow  rates  and  the  oxidizer  flow 
rate  distribution  for  each  thrust  level  are  presented  in  this  section. 

(U)  The  simplest  design  will  usually  consist  of  one  in  which  the  oxidizer 
flow  is  controlled  by  constant  area  orifices  in  an  arrangement  as  illustrated 
in  figure  33,. 

(C)  This  car*  be  accomplished  by  proper  design  of  the  orifices  so  that 
proper  flow  is  achieved  at  both  thrust  levels  taking  into  account  the  change 
in  flow  resulting  from  pressure  drop  changes.  The  following  parameters 
h'.e  been  assumed  in  the  design: 

Maximum /minimum  thrust  =  5 , 000/2,  500  lb 
Maximum/minimum  pressure  =  1,  000/ 5  15  psia 

Boost  Isp  (delivered)  =  276  sec 
Sustain  ISp  (delivered)  =  267  sec 
Orifice  discharge  coefficient,  C£>  =  0.61 
Oxidizer  density  =  0.  0643  lb/in.3 
Mixture  ratio  =  2.0 

Regression  rate  relationship:  r  =  0.15  GQ '  (Pc/1,000)‘ 
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Figure  33.  Oxidizer  Flow  Distribution 


(C) 


The  calculations  were  carried  out  in  the  following  sequence 

A,  (C)  The  propellant  flow  rate  and  total  oxidizer  and  fuel 

flow  rates  at  both  thrust  levels  are  determined  from  thrust, 
specific  impulse  and  mixture  ratio  as  follows: 

%  =  F^SP 

w  maximum  =  5,000/276  =  18.  11  lb/sec 

P 

w  minimum  =  2,500/267  =  9.36  lb/sec 

P 


w. 


maximum 
w^.  minimum 


O/F  +■  1 

18.  11/(2  f  1)  =  6.  04  lb/sec 
9.  36/(2  +  1)  =  3.  12  lb/sec 
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E.  (U)  Satisfying  the  maximum  thrust  condition  results  in 


w  maximum 
ox 


w  +  w  t  w 
ox  ox.  ox 
a  b  c 


=  12.  07  lb/sec 


4.  30(Aa  }  ^/Too  =  12.  07  lb/sec 


A  t  A,  f  A  =  0. 281  in.* 
a  b  c 


F.  (U)  Satisfying  the  minimum  thrust  condition  results  in 


w  minimum  =  w  w  =6.24 

ox  ox^  -1  oxc 


6.24  =  4.  30  (Ah  +  Ac)  ^585 
f  Ac  =  0.  0600  in.2 

G.  (C)  The  simultaneous  solution  of  the  results  of  steps  D, 
E,  and  F  may  be  summarized  as  follows: 


Orifice 


Orifice  Area 


Oxidizer  Flow  Rate  (lb/sec) 
Maximum  Thrust  Minimum  Thrust 


0.220 


0.023 


0.  037 


3.  NOZZLE  SIZING 

(U)  The  basic  nozzle  dimensions  are  calculated  in  this  section.  The  theo- 
retical  characteristic  exhaust  for  the  selected  propellant  is  5,690  ft/sec. 
Based  on  a  combustion  efficiency  of  97%,  the  delivered  value  is  estimated 
to  be  5,520  ft/sec.  The  nozzle  throat  a.-ca  and  diameter  are 


c:>c  wp  (5 , 520)(  18.  11) 
At  Pcg  "  (  1,  000)(32.2) 


=  3.10  in.2 


D.  =  1.98  in. 
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The  exit  area  and  diameter  are 

Ag  =  £A  =  (8 . 0)(3.  10>  —  24.8  in.2  {26) 

Dg  =  5.60  in.  (27) 

The  length  of  the  conical  expansion  cone  {15°  half  angle)  is 

L  -  (°e  ~  Pt)/2  _  (5.60  -  1.98)/2 

nozzle  tan  15°  0.268 


(28) 

--  6.75  in. 


4.  GRAIN  DESIGN 


(C)  Since  the  necessary  flow  rates  have  been  established,  all  parameters 
necessary  for  preliminary  grain  design  calculations  are  available,  The 
grain  design  calculations  will  be  based  on  the  boost  thrust  condition;  however, 
it  can  be  shown  that  the  same  results  would  be  obtained  had  the  sustain  con¬ 
dition  been  used. 


{C)  The  fuel  flow  rate  from  a  hybrid  fuel  grain  may  ue  expressed  as 

and  since 

r  = 

then 


=  r  S  pf 

(29) 

a  G  n  P  m 
o  c 

(30) 

jn  P  m  P  L  p 
'W/  c  b  g  f 

/*  \n 

(31) 

(Apf 


All  of  the  above  parameters  are  known  except  for  P,  ,  L  .  and  A  . 

b  g  P 

{C)  The  grain  length  can  be  closely  estimated  from  overall  propulsion 
system  considerations  which  indicated  desire  for  a  900  lb  propulsion 
system  with  a.  diameter  of  18  in.  Design  studies  conducted  at  UTC  and 
elsewhere  indicate  that  a  unit  of  this  type  will  have  a  mass  fraction  of 
about  0.  75.  Based  on  the  900  lb  total  weight,  a  propellant  weight  of  680  lb 
is  estimated.  Using  the  mixture  ratio  and  fuel  density  as  specified  in 
part  i,  the  usable  fuel  weight  and  volume  are  found  to  be  2261b  and  4,980  in.3 
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Since  an  18- in. -diameter  grain  has  been  selected,  the  total  grain  cross- 
sectional  area  is  254  in.2  Reasonably  good  grain  designs  can  be  expected 
to  yield  85%  of  the  total  cross-sectional  area  for  usable  fuel.  On  this  basis, 
the  following  grain  properties  are  assumed:  (G) 

Usable  fuel  area-to-chamber  area  ratio  =  0,  85 

Port  area-to-chamber  area  ratio  =  0.  10+ 

Sliver  area-to-chamber  area  ratio  =  0.  05 

The  grain  length,  therefore,  becomes 


(4,980) 

g  "  (254)(0.  85) 


23. 0  in. 


(32) 


(U)  Substituting  these  values  into  the  fuel  flow  rate  equation  developed 
above  yields 


or 


6.  04 


(0.  1 5 ) ( 1 0 .  9 1)°  4  (  1,  000/1, 000)°  1  Pb  (23.  0)(0.  0454) 


(M 


(33) 


(34) 


Table  IX  lists  the  values  of  P^/Ap  4  properties  for  circular  multiple-port 
grain  configurations  for  the  initial  condition  of  A^/Aq  of  0.  1.  As  can  be 
seen  in  this  table,  the  required  geometry  parameter  falls  very  close  to  the 
six-port  configuration.  This  design  was  selected  for  full-scale  motor 
detailed  design. 


+  At  this  point,  the  port  area  should  be  checked  to  ensure  that  the  design 
is  on  a  sound  basis.  First,  the  port  area-to-nozzle  throat  area  should 
be  checked  to  see  that  it  is  above  ~  1.5:1.  The  ratio  for  this  design  is 
24.4/1.35  or  16.4,  which  is  well  above  the  suggested  minimum.  Second, 
the  maximum  oxidizer  mass  flux  should  be  checked  to  ensure  that  it  is 
not  unreasonably  high.  Unstable  hybrid  operation  (flooding,  etc.  )  can 
occur  when  the  maximum  (initial)  G0  is  in  excess  of  ~2  to  4.  The  maxi¬ 
mum  G0  for  this  design  is  10.  45/25 . 4  or  0.  41  lb/sec-in.2  This  value 
is  well  within  the  safe  region  of  operation. 
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TABLE  IX 

(U)  CIRCULAR  PORT  GRAIN  PROPERTIES 

(A  /A 
P  1 


Number  of  Ports 
1 
2 

3 

4 

5 

6 

7 

8 

9 

•  { 

10 


0.  10) 

v<yM 

5.49 
7.  77 
9.  52 
10.  99 
12.29 

13.  46 

14.  54 

15.  55 
16.49 
17.  38 
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APPENDIX  II 
RADAR  MEASUREMENTS 


(U)  Spectral  measurements  were  made  of  the  radiation  from  the  exhaust 
plume  of  motors  10  and  11.  The  measurements  did  not  show  the  presence 
of  alkali  metal  species  which  have  been  prominently  observed  in  previous 
spectra  of  solid  and  hybrid  propellants  using  AP,  and  which  contribute  sig¬ 
nificantly  to  radar  interference. 

(C)  T'.ese  findings  prompted  measurements  of  the  radar  propagation 
through  the  plume  during  the  firing  of  motors  12  and  13.  A  simple  micro- 
wave  transmission  system  was  assembled  from  x-band  interferometer  com¬ 
ponents  and  mounted  to  an  improvised  stand  (figures  34  and  35).  The 
four  firings  of  these  two  motors  were  monitored  and  a  typical  result  is 
shown  in  figure  3b.  The  beam  axis  was  transverse  to  the  plume  and 
coincidental  with  the  first  shock  diamond.  No  attenuation  was  detected 
during  the  steady-state  portions  of  the  tests.  A  summary  of  test  condi¬ 
tions  is  given  in  table  X. 

(C)  A  small  amount  of  intermittent  attenuation  was  observed  during  start 
and  shutdown  transients,  and  in  one  test  a  0.  006  db/cm  value  at  10  cps 
accompanied  a  steady  chamber  pressure  ripple  of  the  same  frequency. 
These  mainly  serve  to  indicate  that  the  equipment  was  working  properly. 

In  every  test  the  klvstron  power  drifted  by  approximately  -t-0.  006  db.  Since 
the  uncooled  tube  was  only  a  few  fe.v-t  from  the  plume,  the  drift  is  attributed 
to  differential  expansion  of  the  cavity.  After  each  test  the  output  returned 
to  its  pretest  value.  Rased  on  periodic  measurements,  the  microwave 
frequency  was  9.  04±0.  02  GHZ.  During  the  steady-state  test  portions,  the 
oscillogram  trace  noise  did  not  differ  from  that,  present  without  the  plume. 
The  minimum  attenuation  measurable  was  aoout  0.  01  db  corresponding 
to  0,  0006  db/cm. 

(C)  To  verify  the  adequacy  of  the  microwave  equipment  used,  a  UTP-3096 
(16%  aluminum,  68%  ammonium  percnlorate,  and  16%  binder)  motor  firing 
was  monitored.  The  attenuation  was  substantially  the  same  as  reported 
previously  for  similar  propellants  and  as  measured  at  UTC  with  other  equip¬ 
ment:  about  3  to  5  dbover  a  transverse  plume  path  length  of  approximately 
S  cm  (approximately  0.5  db/cm),  about  the  regionof  the  first  shock.  In  the 
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Figure  34.  (U)  Test  Apparatus  Schematic 
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igure  35.  (U)  Motor  Assembly  With  Test  Apparatus 


UPWARD  DRIFT  ATTRIBUTED 
TO  KLYSTRON  POWER  DRIFT 
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igure  36.  (U)  Radar  Attenuati 
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TABLE  X 

(U)  TEST  CONDITIONS 


Test 

Duration 

sec 

Chamber  Pressure 
psia 

Mixture  Ratio 
O/F 

12-1 

10 

948 

3.  37 

12-2 

40 

353 

3.  91 

12-3 

10 

460 

4.  96 

13-1 

34 

968 

3.  02 

test  reported,  the  attenuation  reached  a  level  of  approximately  i  db/cm  at 
25  exit  diameters  downstream.  It  is  interesting  to  contrast  this  with  a 
0%  aluminum  grain  firing:  approximately  0.  3  db/cm  near  the  first  shock, 
nearly  zero  between  shocks,  and  zero  at  25  exit  diameters. 

(C)  The  tests  described  herein  confirm  expectations  of  low  radar  attenua¬ 
tion  in  the  types  of  hybrid  propellants  tested.  This  desirable  characteristic 
may  be  a  result  of  using  boron  in  the  fuel  which  has  been  shown  to  substan¬ 
tially  decrease  radar  attenuation  in  propellants  containing  AP  (a  major 
source  of  electron  producing  alkali  metals).  These  results  may  also  be 
influenced  by  the  high  O/F  ratio  used,  giving  rise  to  free  halogens  in  the 
exhaust.  In  either  case,  the  ability  to  minimize  or  reduce  radar  attenua¬ 
tion  problems  through  appropriate  propellant  formulation  in  hybrid  systems 
is  evident  and  indicates  an  area  for  future  investigation. 
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cated,  and  tested,  A  high  density,  high  specific  impulse,  hybrid  propellant  combina¬ 
tion  has  been  formulated;  and  a  fuel  grain  geometry  has  been  developed  which  will 
provide  nearly  constant  fuel  flow  rate  and  permit  nearly  complete  fuel  utilization. 
Dual-thrust  oxidizer  injectors  have  been  developed  and  successfully  tested.  A  simple 
thrust  control  system  has  been  designed,  which  will  control  the  motor  thrust  at 
two  levels  and  will  permit  multiple  starts  at  cither  thrust  level. 

The  results  of  the  program  indicate  that  high  density  impulse  hybrid  propulsion 
systems  are  feasible  for  application  to  advanced  tactical  missiles, 
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